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All the Same 


The predictable brightnesses of type la super: 
novae make them some of the most useful 
probes of cosmological distances. Observations 
of these supernovae suggested the existence of 
dark energy, but uncertainties linger, and bet 
ter knowledge of the physics of these stellar 
explosions is needed to improve their use as 
distance indicators. By mapping the expansion 
of the supernova explosion in different spectral 
lines, Mazzali et al. (p. 825) show that all type 
la supernovae form from the explosion of a star 
of the same mass, and their ejecta reach out to 
similar distances. Simulations of the explosions 
and analysis of the recorded changes in bright: 
‘ness over time support this finding. These 
results point to a single explosion mechanism 
{or supernova Type la progenitors, supporting 
their cosmological use. 


Small Sinking Surprise 


The concentration of CO, in the atmosphere is 
kept in check partly by how much CO, is con- 
sumed by marine photosynthetic organisms, 
although the only ones that sequester CO, 
“permanently” are those that sink to the bot 
tom of the ocean and wind up in sediments. 
tis generally thought that the most impor: 
tant class of organisms responsible for export- 
ing carbon from the surface to deeper waters 
are the large phytoplankton such as diatoms 
that can sink rapidly enough to avoid being 
consumed by microbes on the way down. 


EDITED BY STELLA HURTLEY AND PHIL SZUROMI 


<< Going Nonlinearly with the Flow 


Nonlinear processes can be highly disruptive or turbulent, and 
thus would be unlikely candidates for being time reversible (see the 
Perspective by Epstein). Fuerstman et al. (p. 828) exploit the linear 
and smooth flow associated with microfluidics to create a system that 
shows nonlinear behavior in the motions of entrained droplets that 
‘aan be reversed with time. As the fluid flows toward a T-junction, the 
entrained droplets must choose one branch or the other, and this 
decision has a nonlinear dependence on the fluid flow and the rate 

‘of droplet production, After the two streams recombine, the droplets 
take on a particular repeat pattern or encoding that can be decoded 
through a reversal of the fluid flow. Prakash and Gershenfeld 

(p. 832) exploit nonlinear behavior of bubbles in a microfluidic 
system to create bubble logic, in which the bubbles represent bits of 
information similar to the ones and zeros used in digital computation, 
They create a series of simple devices including AND, OR, and NOT 
gates, as well as more complex signal amplification and processing. 


Directly Observed 
Atmospheric deep convection, which transports 
air from the surface to the upper troposphere is 
difficult to measure, and our understanding of 
this process has mainly been based on model: 
ing, Bertram et al, 
(p. 816; published 
online 5 January; 
see the Perspective 
by Jaegle) provide 
direct observa: 
ional constraints 
to the process, with 
measurements of a 
suite of trace gases 
and aerosols made 
‘in the summertime 
continental upper 
troposphere over the eastern United States and 
Canada. Using the distribution of chemical 
species whose kinetics are well understood to 
determine the amount of time that air spends 
in the upper troposphere, they calculated 


Richardson and Jackson (p. 838; see the Per 
spective by Barber) challenge this assumption 
by describing how the very small autotrophs, 
called “picoplankton,” that dominate ocean 
primary production over large regions, can 
also contribute to export 
through the processes of agore 
gation and incorporation. This 
finding implies that the amount 
of picoptankton that contribute 
to the flux of carbon to the deep 
‘ocean has been significantly 
‘underestimated, and that the 
importance of these tiny photo: 
synthesizers as “carbon pumps” 
hhas been overlooked. 


Viral Prefusion 
Conformation Revealed 


The thabdoviruses, which include human 
pathogens like rabies virus, enter the cell 


through the endocytic pathway. Viral mem 
brane fusion with cellular endosomal mem: 
branes is triggered by a pH-dependent struc 
tural change of a transmembrane viral glyco- 
protein (G). Now Roche et al. (p. 843) have 
determined the prefusion form of the fusion G 
protein from vesicular stomatitis virus. Compar 
ison with the postfusion structure reveals the 
structural reorganization between these forms 
and suggests a pathway for the dramatic, but 
reversible change. 


important dynamical parameters such as the 
extent to which convection perturbs the conti- 
nental upper troposphere during summer, the 
fraction of boundary layer air present in con: 
vective outflow, and the convective overturn 
rate of the upper troposphere. These results 
present a challenge to current ideas about 
processes that control upper tropospheric 
‘ozone and its impact on climate. 


Continued on page 735, 
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Documenting Diversity 

Human genetic diversity includes polymorphisms at individual points within genes, as well as varia 
tions in copy number. Stranger etal (p. 848) present a whole-genome survey ofthe effect of such 
differences on gene expression of nearly 15,000 transcripts. n order to understand complex patterns 
of inheritance (such as quantitative traits), it will be necessary to look at both types of variation. 


Make Your Move 

Motility in bacteria is important for pathogenesis and for bacterial chemotaxis. So-alled gliding 
motility in the bacterium Myrocaccus xanthus is powered by to distinct engines: S motility (pow 
ered by ype IV pili) and A motility of unknown mechanism. By following the localization pattern of 
an A motility-specific protein, Mignot et al. (p. 853; see the Perspective by Kearns) have now dis: 
covered that the most popular hypothesis for A motility, directed slime secretion, is likely to be 
incorrect and that intracellular motor-coupled adhesion complexes power movement. Thus, bacte 
fia and eukaryotic ells may use a similar transient adhesion-based mechanism for motility 


A Receptor for 
Vitamin A Uptake 


Vitamin Ahas a large number of biological 
functions, including roles in vision, reproduc 
tion, immunity, tissue regeneration, and neu 
ronal signaling. The existence of a cell sur 
face receptor for the vitamin A carrier retinol 
binding protein (RBP) was proposed more 
than 30 years ago. Kawaguchi et al. (p. 820, 
published online 25 January) now report the 
identification and characterization of the 
lonig-sought RBP receptor. The RBP receptor is 
a multipass-transmembrane domain protein with robust RBP binding and vitamin A uptake activity 
and is localized to the expected cellular locations for vitamin A uptake 


The Grim Reaper 
on Autopilot? 


The proteins Bax and Bak 
to promote apoptosis. There is evidence for multiple modes of regulation of Bax and Bak in cells. 
Some studies have proposed that other members of the Bcl-2 family of proteins interact with and 
directly activate Bax and Bak—a scenario in which cell survival seems to be the default state of the 
cell. However, activity of Bax and Bak is also held in check by interaction with pro-survival proteins, 
and it may be that relief of this inhibition determines the cell's fate. Willis et al. (p. 856; set 
Perspective by Youte) present evidence that the default state of Bax and Bak would lead to cel 
death, Cells lacking the direct activators of Bax and Bak still undergo apoptosis in response to 
overexpression of upstream component of the cell death pathway. 


1 key mediators of cell death signals that function at the mitochondria 


Two Wings Good, 
Four Wings Better 


Some flying insects have two wings, whereas others have four. The common housefly, which possesses 
two wings, makes use ofthe vestigial hindwing (the pendulum-shaped haltere) as a source of 
imechanosensory input tothe neural centers that support stable fight. Sane et al. (p. 863; see the 
Perspective by Alexander) have asked whether moths, which have four wings, possess a similar kind 
of flight control mechanism. Instead, the antennae appear to serve a halteretike function by provid 
ing mechanosensory input through hairs or bristles located at their base, whose deflections are trans 
lated into afferent neural signals 
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Energy and Sustainability 


THE THEME FOR THE 2007 ANNUAL MEETING OF THE AAAS, TO BE HELD IN SAN FRANCISCO 
on 13 to 19 February, is “Science and Technology for Sustainable Well-Being.” The problem of 
which is the focus of this special issue of Science linked to the meeting, looms 
‘central element in the web of intertwined challenges that this theme embodies. 

Well-being has environmental, sociopolitical, and cultural dimensions as well as economic 
‘ones, and the goal of sustainable well-being entails improving all of these dimensions in 
\ways and to end points that are consistent with maintaining the improvements indefinitely. 
This challenge includes not only improving sustainably the standard of living in developing 
countries, but also converting to a sustainable basis the currently unsustainable practices 
supporting the standard of living in industrialized ones. 
vilization’s ability to meet this immense challenge clearly depends on our strengths in 
natural science and engineering. But it also depends on our strengths in the social sciences and 
in “social technology” in the form of business, government, and law, as well as on the societal 
\witand will o integrate all ofthese elements in pursuit of the sustainable-well-being goa 

No part of this challenge is more complex or more demanding than its energy dimension. 
This is so in part because energy supply is tightly intertwined with national and international 
security and with many of the most damaging and dangerous environmental problems—from 
indoor air quality to global climate change—as well as with the capacity to meet basic hu 
needs and fuel economic growth, 

‘The multiplicity and importance of these linkages would make energy a vexing issue even in 
a world where energy demand was constant. But that is not the world we live in. Continuing 
population growth and rapidly rising affluence in many parts of the globe are driving a rate of 
increase in energy use that has staggering implications. Even if the energy efficiency of the 
world economy—gross world product per unit of enengy—were to continue to increase at the 
Jong-term historical rate of about 1% per year, the realization of middle-of-the-road population 
and economic projections would entail quadrupling world energy use in this century. 

In a world where today one-third of primary energy comes from oil (two-thi 
remaining high-quality supplies of which probably lie under the volatile Middle 
80% comes from oil, coal, and natural gas combined (virtually all of the carbon diaside from the 
combustion of which continues to go straight into the atmosphere), that middle-of-the-road 
‘energy trajectory cannot be managed simply by expanding what we are already doing. Such a 
path is not merely unsustainable; itis a prescription for disaster. 

The perils of oil dependence and climate change, coupled with the demand for lar 
increases in the per-capita availability of energy services, compel an early transition to 
different path. Its requirements include a reduction in global population growth (achievable, 
fortunately, by means that are desirable in their own right) and a sharply increased emphasis 
‘on improving the efficiency of energy conversion and end use (aiming to improve the enengy 
efficiency of the world economy not by 1% per year but by 2% per year or more). 

‘Also required is a severalfold increase in public and private investments to improve the 
technologies of energy supply. We need to know whether and how the carbon dioxide from 
fossil-fuel use can be affordably and reliably sequestered away from the atmosphere: whether 
and how nuclear energy can be made sife enough and proliferation-resistant enough to be 
substantially expanded worldwide: and to what extent biofuel production ean be increased 
‘without intolerable impacts on food supply or ecosystem services. And we need to improve the 
affordability ofthe direct harnessing of sunlight for society's enengy needs. 

Much insight about the current prospects in these and other dimensions of the energy 
problem is available in this special issue of Science. Still more about energy is on the agendk 
for the San Francisco meeting. along with much else germane to “Science and Technology for 
Sustainable Well-Being.” I commend it all to your attention, Nothing is more important to the 
human condition in the 21st century than rising to this set of challenges. 


a 


John P, Holdren 


10.1126/science.1138792 
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EDITED BY GILBERT CHIN AND JAKE YESTON 


Leveling the Landscape 


It has been recognized for some time that humans are the 
‘most important geomorphic agent modifying our planet's 
surface, dwarfing the effects of deforestation, desertifica- 
tion, and erosion caused by other processes globally. How- 
ever, the details of these activities are enlightening, and 
Wilkinson and McElroy compare the rates of erosion {rom 
human activity in different settings with natural processes 
and with long-term and short-term rates inferred throughout 
Earth's history. About 5 gigatons (Gt) of sediment per year 
‘are thought to have been deposited naturally by rivers dur- 
ing the past 540 million years. There has been high variation 


about this average, particularly since the Pliocene and during glacial times; the average flux today is about 21 GUyear. Most 


of this material (about 80%) comes from mountainous regions where natural erosion rates are highest. For comparison, 


estimated that humans now move about 75 Gt of dirt and rock annually, mostly in low-lying or low-topography areas, and par- 
ticularly near coasts. This difference implies that large amounts of human-derived detritus are being stored primarily on 
floodplains and in small stream networks on coastal plains immediately downslope from such areas. This flux greatly exceeds 
the movement of material by Pleistocene ice sheets. — BH 


MOLECULAR 
Remodeling with a Floral Motif 


The transition from vegetative growth to flower: 
ing in the plant Arabidopsis isin part regulated 
by the gene Flowering Locus C (FLO). The 
expression of FLC is known to be regulated by 
various signaling pathways that modify the 
chromatin in which itis embedded. Deal etal 
show that, beyond secondary modifications of 
‘existing chromatin components, the addition of 
a specific histone variant, H2AZ, adds to the 
controls on FLC expression. Histone H2A.2 is, 
deposited onto FLC chromatin by the Arabidop: 
sis variant of the SWR2 complex, which has 
been shown in yeast to participate in the 
‘remodeling and individualizing of local chro: 
‘matin domains, With histone H2A.Z as part of 
its chromatin packaging, the FLC gene is better 
poised for active expression, It is the robust 
expression of FLC that results in maintenance of 
the vegetative state, — PIH. 

Plant Cell 19, 10.1105/tpe.106.048447 (2007) 


Managing Murrelets 


‘One challenge in conservation management is 
estimating what a sustainable population should 
{ook like. Geographic and genetic information 
can readily be obtained from museum specimens, 
butif, as for many birds, there are morphologi 
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«ally distinguishable age classes, then age-ratio 
analysis can aso provide baseline rates for repro 
duction and survival. The output of such an 
analysis can be used to set targets for population 
recovery. 

Beissinger and Peery have championed the 
case of the marbled murtelet Brachyramphus 
‘marmoratus), an endangered seabird from the 
Californian coast which unexpectedly nests high 
Lupin old-growth coniferous trees and whose 
plight as only recently come to attention. The 
‘murrelet population is 
being decimated as a 
result of attacks from 
crows, by logging, and 
especialy via the loss of 
the fish that they eat. 
Reproduction is expen: 
sive for murrelets; they 
lay a single egg that 
weighs up toa quarter 
of the adult bird’ 
Weight. and adults will 
abandon breeding in the 
face of insufficient food. There are some method: 
ological risks with age-ratio analysis, but for this 
bird, contemporary data from field studies were 
compared with the museum data, which showed 
that the reproductive success of contemporary 
murrelets is almost an order of magnitude less 
than it was a century ago. — CA 

Ecology 88, 296 (2007. 


Matbled murretet 


Geol, Soc. Am. Bull. 119, 140 (2007). 


Bromine Scrub 


One drawback of power generation from coal 
combustion is the atmospheric release of toxic 
mercury previously trapped in the solid coal, 
Although current emission filtration systems 
efficiently remove oxidized mercury com 
pounds, they are less effective at trapping the 
‘metal inits water-insoluble elemental state. 
Combustion of chlorine-rich bituminous coals 
tends to pass less mercury through 
the filters, an observation that has 
been attributed to mercury oxidation 
by the chlorine, Liu etal. therefore 
explored the capacity of bromine, 
ctilorine’s more potarizable con 
gener, to oxidize residual Hg(0) in 
oal emission streams, Laboratory 
scale tests revealed a greater than 
hhundredfold enhancement in the 
oxidation rate relative to measured 
chlorination kinetics. Moreover, the 
reaction was further accelerated by 
adsorption of the reagents onto fly-ash part 
cles, with little or no inhibition observed from 
oxygen, CO, water, or HCL. Sulfur dioxide 
proved mildly inhibitory, whereas NO hada 
small promoting effect on the fly-ash-mediated 
oxidation, By extrapolating their data to the 
hhigher temperatures of a power plant emission 
Continued on page 741 
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stream, the authors estimate that the addition 
of 0.4 part per million of bromine to flue gas 
ould oxidize 60% of residual Hg(0). —JSY 
Environ. Sci. Technol 44, 10.1021/e50617059 
(2007) 


CHEMISTRY 
All Glow Together 


‘The appeal of quantum dots stems from their 
highly tunable optical and electronic properties. 
Their size-dependent luminescence, for example, 
is finding use in biological sensing and imaging. 
However, with the exception ofthis application, 
‘most technologies that could take advantage of 
‘quantum dots do not operate in solution. It can 
be difficult to pack a large concentration of quan 
tum dots into a solid structure, and even if 
assembly is successful, the luminescent proper: 
ties can be lost because of the formation of trap 
states or to quenching interactions between 
neighboring dots. Arachchige and Brock used a 
sol-gel process to prepare aerogel and xerogel 
monoliths with CdSe/2nS core-shell nanoparticles 
a the primary building 
blocks. Throughout the 
transformation process 
from sols to wet gels 
and on to monoliths, 
little change was 
observed in the photo 
uminesence spectra 
for the thre sizes of 
particles tested. This 
bbehavior contrasts 
strongly with that of 
nanostructured net 
works assembled from 
bate CdSe particles, 
Which lost the favor: 
able absorption and 
emission properties 
‘observed in solution. 
Inboth the aerogels and xerogels, transmission 
electron microscopy images suggested that the 
ZnS shells may have partially fused together to 
form a matrix containing CaSe particles, particu 
larly in the 20-fold denser xerogels. — MSL 
‘LAm, Chem, Soc, 129, 10.102.1)a06674% (2007) 


Luminescent aerogel 
(left) and xeroget 
(right. 


BIOMEDICINE 
Viruses in the Prostate 


Twenty to 25% of human cancers are caused by 
viruses. The recognition that a virus plays an etio- 
logical rote in a specific type cancer can pro 
foundly change the ways in which that particular 
disease is diagnosed, treated, oF prevented. One 
recent guidepostis cervical cancer, where the 
identification of human papillomavirus as a 


eoIT 


‘CHOICE 


«causal agent has led to the development of a 
promising prophylactic vaccine 

Previous studies have provided evidence in 
support ofa possible viral origin for human 
prostate cancer. A retrovirus called XMRV (for 
senotropic murine leukemia virus-related virus) 
was detected in 40% of prostate tumors from 
amen who were homazygous for an allelic variant 
‘of the RNASEL gene and in only 2% of tumors, 
from men of other genotypes. The RNASEL gene 
‘encodes RNase L, a ribonuclease whose activity is 
required for an innate antiviral response medi 
‘ated by interferon (FN); and, intriguingly, the 
allelic variant associated with XMRV-containing 
tumors encodes an enzyme with impaired activity. 

Dong eta. show that a molecular viral clone 
‘of XMRV is infectious in human prostate cancer 
«el ines, that replication of the virus in vitro is 
sensitive o inhibition by IFN, and that suppres 
sion of RNase Lenhances viral replication. In 
addition, they localized putative integration sites 
for the XMRV provirus to several host genes that 
encode functions with biologically plausible roles 
in prostate cancer, including a suppressor of 
androgen receptor transactivation. Still unan- 
swered isthe critical question of whether XMMRV 
plays a causal role in prostate cancer, but these 
provocative observations should stimulate further 
‘experiments to sort this out. — PAK 

Proc. Nat. Acod, Sc. USA. 104, 1655 (2007) 


Rough Core 


Earth's cores split into two zones. A solid inner 
core les within a liquid outer core, which drives, 
the geodynamo via heat convection. The smooth 
‘and spherical interface comprising the inner core 
boundary (ICB) i the site of such geochemical 
changes as solidification and chemical flows. The 
ICB can be probed by seismic waves that reflect or 
refract off of i. In the unusual circumstance of 
repeating earthquakes, sequential rays can travel 
identical ray paths through Earth. By analyzing 
‘one such pair of repeated earthquakes, Cao et al 
found changes in the ICB structure over a decade. 
‘Two identical ray paths, sampled by earthquakes 
im the South Sandwich Islands in 1993 and 2003 
and recorded in Alaska and Canada, show varia 
tions in the shape oftheir seismic response over 
this time. Although simple pressure waves were 
‘identical, differences were seen between the 
‘reflected and refracted waves that intercepted the 
ICB. These amplitude differences may indicate 
lumps on the ICB of 10 km in horizontal extent. 
Featutes of this size could be created by low con: 
‘ection in the inner core itself, or by rotation of a 
fixed bump on the inner core by approximately 
01° per year. —]B 

Proc. Natl. Acod. Sc. U.S.A. 108, 31 (2007). 
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‘Masturbator in a Surrealist 


Landscape with D.N.A.). 


NIDA Versus Wikipedia 


Want to improve your public image 
your entry on the Wiki 
that's the tack taken by someone at the U.S. 
National | ‘on Drug Abuse (NIDA). Last 
year, an anonymous employee of the age 


7 Try rewriting 


(indicated by the IP address) rep 
tions of an article on NIDA, 


replacing them with prose about “unpe 


atedly removed 


“opportunities” atthe institute and its aim 


improving the health of the Nation.” Among th 


sections deleted during a heated editing battle 
with Wikipedians, the citizens 


By trad 
Nation, 
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apparel designer. She and colleagues ust 
the jersey, the underlying pads, an underg, 
nner to make 3D images to stu 
found that the best 
ngineered to transport moisture away from 


of the garment was also important, says MacGillivray 
MacGillivray says 
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tossee the new jersey,’ but they took them all back. 


Next job for MacGillivray and colleagues: cooler 


conventional sweater to see 
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kin temperature by as much as 
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EDITED BY CONSTANCE HOLDEN 


Eighteen years after the death of Salvador Dali, some of his 


genetic material lives on. Michael Rieders, a Pennsylvania forensic 


toxicologist and longtime fan of the Spanish surrealist, decided to 


the DNA 


recove who “liked to make art out of sci 


this painter 


entific discoveries.” Friends of Dali’s in France sent Rieders two 


feeding tubes that had kept the artist 


inting DNA from both tubes, Rieders 


e during his last days. 


4 After extracting and fingerp 


found that the samples were identical and free of any other genetic 
material. So they had to be Dali's. Rieders plans to send the DNA 
to galleries and museums to help them authenticate disputed Dali 


s in the future 


ons of 


1010 NIDA fun 
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at Central Michi ments of net change in ice thickness, of mass 


University in 
ns againsta | b 


ferent d iance, for 100 glaciers, including South 
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issipation,” says Maureen MacGillivray, a functional mountain glaciers since 1980. The thickne: 
thermal camera to map the surface temperatures of | of the average glacier fell by 725 millimeters in 


2004 and another 625 millimeters in 2005. 
Only 20' 
For results on several hundred glaciers going 


ment, and the subject's skin. They also used a scan 
d with the athlete. They 
C. The new material, which 
n the body, helped keep the player cooler, but the 


of the glaciers are enlarging 
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EDITED BY YUDHIJIT BHATTACHARJEE 


FOREVER CURIOUS. The title of one of his books, 
How Animals Work, captures the essence of biol 
ist Knut Schmidt-Nielsen, who died in Durham, North Carolina, 
on 25 January at the age of 91. Considered the father of comparative 
physiology and integrative biology, the Duke University researcher 
endured the heat of the Sahara and the cold of the Arctic to learn how 
animals thrive in extreme climates. 

He discovered, for example, that moisture-conserving mucus in 
the nose—not water stored in its hump—helps protect camels against 
dehydration, and that special glands help seabirds and marine reptiles 
shed excess salt. His lab was a menagerie, including a misnamed 
100-kilogram female ostrich called Pete who was a source for I-kilo 


IN BRIEF 
MHarpal Kumar is the new CEO of Cancer 
Research UK, a British nonprofit that provides 
$500 million a year for cancer research 
He succeeds chemist Alex Markham, 
The Prince of Wales has won the Global 
Environmental Citizen Award from Harvard 
‘Medical School for his efforts to promote 
sustainable farming and environmentally 
friendly urban development. Prince Charles 
received the honor last month from actress 
Meryl Streep and former U.S. vice president 
Al Gore in New York City, 
Jeanette Wing of Carnegie Mellon 
University in Pittsburgh, Pennsylvania, has 
been named head of the National Science 
Foundation’s $527 million Computer and 
Information Science and Engineering direc- 
i torate. She replaces Peter Freeman, who has 


§ joined a Washington, D.C., consulting firm, 


é MOVERS 

j TRADING CONTINENTS. Jonathan Slack, a 
British developmental biologist, is coming to 
the University of Minnesota next month to 

¥ replace Catherine Verfaillie as head of its 

& Stem Cell Institute. The Minnesota institute 

: has close ties with the Stem Cell Institute at 

© the University of Leuven, Belgium, which 

8 Verfaillie now heads. 

& _ Slack, $8, chairs the department of 

# biology and biochemistry at the University of 

8 Bath, where he established a Centre for 
Regenerative Medicine. Describing stem cell 

E esearch as “the applied sdence of develop- 

2 mental biology,” Slack says he plans to con- 

A tinue his work both on tail regeneration in the 

5 
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ostriches can run in the he; 
of usa sense of curiosity about h 


“a 


Xenopus tadpole and on reprogramming adult 
cells, such as liver cells, into pancreatic islet 
cells to treat diabetes. 


AWARDS 

BURNING BRIGHT. Brian Warner had always 
wanted to be an astronomer. And although 
circumstances led him into jobs in radio and 
TVasa news director instead, Warner still 
managed to spend countless late nights track- 
ing the waxing and waning of asteroid bright 
ness from his backyard observatory north of 
Colorado Springs, Colorado. Last week, his 
contributions earned him the American 
Astronomical Society’ first-ever Chambliss 
‘Amateur Achievement Medal: a silver medal- 
lion and a $1000 honorarium. 


Slice of Life >> 


“omelets. (Pete helped Schmidt-Nielsen and his collea 
without sweating.) “Knut invoked in all 


ies learn how 


how animals function,” says Barbara 


Block of Stanford University in Palo Ako, California, 


Warner, $4, now 
a computer program- 
mer, has published 
more than 200 records, 
of varying asteroid 
brightness using data 
captured with cheap 

P but ultrasensitive 

light detectors. 
" Alight curve reveals 
not only the shape 
and rotation of asteroids but also whether 

an apparent solitary asteroid is actually a 

pair. Warner's discovery of numerous pairs 

in the main asteroid belt has challenged 

theorists to explain how binary asteroids 

could form there. 


BREAKING THE SILOS. As a postdoc, newly minted Ph.D. physicist Daniel Goldman broke 
fresh interdisciplinary ground by applying his expertise in complex fluids and granular 
materials to the study of animal locomotion. But despite the innovativeness of his 


research 


But hi 


make uni 
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\—or perhaps because of it—his 6-month 


search for an academic job posed a challenge. Physics 
<departments said his work wasn’t fundamental enough, 
and bjology departments clucked that his work wasn’t 
‘aimed at basic questions such as how cells work. One 
interviewer, he says, told him “that | would be working 
‘on an island” with few connections on campus. 


js perseverance has paid off. Last month, he 


won a tenure-track slot in the physics department at 
Georgia Institute of Technology in Atlanta. “We expect 
that he will build a successful program ... that will 


jique contributions to the study of locomotion, 


biology and biomechanics,” says Mei-Yin Chou, his new 
department chair. 
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PHYSICS 


International Team Releases Design, 
Cost for Next Great Particle Smasher 


An international team has released a prelimi 
nary design and cost estimate for the Inter- 
national Linear Collider (ILC), the hoped-for 
shot particle smasher that many 


researchers say isthe future of their field, 
In Beijing this week, the ILC Global Desi 


Effort (GDE) team reported that the “value” of 


the 35-kilometer-long machine would be 
$6.68 billion and 13.000 person-years of labor 
plus or minus 30%, The value differs from a 
cost estimate because it does not account for 
inflation until the machine is completed—in 
2016 at the earl 


oF so-called 


“erruns, which different 


to cover potential e¢ 
countries handle in different ways, says Barry 
Barish of the California Institute of Technolog 
in Pasadena, who leads the GDE 

Including such factors would, for exam 
ple, likely double the amount entered in the 
ledgers of the U.S. government. So if the 
United States hosted the machine and bore 
half the expense, its contribution would total 
about $7.5 billion, Barish says, 

The value estimate is roughly equal to the 
cost of the Lange Hadron Collider (LHC), the 
27-kilometer-long circular accele 


tor under 


construction at the European pa 
laboratory CERN near Geneva, Switzerland, 


The LHC cost 4.7 billion Swiss franes (about 
$3.8 billion), but that does not include the tun: 


nel, which was dug for an earlier machine, or 

the older accelerators that will feed the LH( 
The LHC and ILC 

so | think itis doable 


we inthe same ballpark 
says Albrecht Wagner 
chair of the board of directors for the Germ: 
DESY in Hamburg 


particle physics laborator 


researchers, however, Sty it is too earl 
a price. “I'm afraid that the cost will 
says Kaon Yq leads ILCR&D atthe 
KEK particle physics laboratory in Tsukubs 
A big increase will kill our 

The ILC will probe in detail phenomena 
researchers expect to glimpse at the LHC 
which is scheduled to be tumed on in Novem 
ber. M the Lt 


duce the long-sought Higgs boson and possi 


toname 


bly a raft of new particles predicted by a theory 
called supersymmetry. But the LHC will 


sh pr i ms, and each p 
fat 


rks and 


ie of particles called q 


particles, The ILC 


their antimatter siblings, positrons, to make 


will allow physicists to 


nail down decay rates and other 


a complete 


needed to for 
But f 


3g forthe ILC and its 16,000 2 
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budget 


estimate is meant to help that process along, 
In particular, the estimate responds to a request 
from the US. Deparment of Energy (DOE) 
to know what the total cost would be. DOE 
has requested $60 million for ILC R&D in 


fiscal year 2008, 


Over the past year, the GDE transformed 
tacked 
together from 2 decades of R&D at various 


1 rough “baseline configuration’ 


labs into a coherent “reference design. 


making changes that reduced the cost by 


about 25%, “They have done a good job 
without stretching the limits beyond reason, 
says Glinther Geschonke, an accelerator 
physicist at CERN. 
into a cost-conscious design. 

The GDE made several changes to the 


thine, For example, the 


The design has evolved 


basic layout of the m 


baseline configuration called fora 7-kilometer 


circular tunnel near each end of the collider to 
rings that 


house accelertors known as cool 


would concentrate the electrons and positrons 
The new design calls for one circular tunnel 


near the center that will house both rings. The 


baseline also split the beams in two to collide 
particles in the hearts of two detectors; in the 
new design, the beams collide at just one inter 
action point, and researchers will swap the 
he line of 
“there is no Way to make it substan 


gigantic detectors into and out of 
fire, Now 
tially les 


at reducing the sci 


expensive with 
entific scope of the project” Barish says, 

The reference design and value estimate 
will undergo an international review this 
ne key to keeping the 
project from repeating the story of the Super- 
Super Collider, the ill-fated accel 


conductin 
erator in Waxahachie, Texas, that Congress 
killed, uncompleted in 1993 after its budget 
exploded from $4 billion to $8 billion. A DOE 
representative will serve on the review team, 
says Robin Staffin, 


associate director for 


high-energy physics at DOE 


ILC researchers will now use the re 


nce 
design as the starting point fora more detailed 
‘engineering desi 
Will lobby for an international framework 


Meanwhile, physicists 


between governments to fund the project. A 


decision about where to build the machine is 
sill far off 
framework will be in place in 2010 at the ear- 
lies” says Mitsuaki Nozaki, a particle physi- 
cistat KEK and Asian re 
GDE 


about the final site: 


My guessis that the international 


onal director of the 


Until then, we cannot say anything 
“ADRIAN CHO 


ENERGY RESEARCH 


BP Bets Big on UC Berkeley for Novel Biofuels Center 


Can an oil company take the lead in the bio 
fuels revolution through an unprecedented 
investment in academic research? BP last 
week made a 10-year, $500 million bet on 
such a corporate-funded, big-science 


approach, It chose the University of Califor- 
nia (UC), Berkeley, to host its new Energy 
Biosciences Institute (EBI), a venture that 
BP's Jim Breson calls “a privately funded 
national aby" Academie plant scien 1 
neers will work alongside BP special- 
ists in the institute, conducting a 
basic and applied work (see p. 790). A 
happy partnership, say experts, could yield 


sts 


a new model for industrial support of aca- 


demic science in service of societal needs. 


But, as in any mar 


tensions alo 
BP decided to boost its biofuels 
agenda, its choices were limited. 


only four biologists on the com- 
pany’s roster of 102,000 employees world- 
house research effort, 
And Steven Koonin, who 
stepped down as provost of the California 


Wide ruled out 


says Breson. 


Institute of Technology to become chief sei- 
eentist at BP in 2004, nixed the idea of sim- 
ply awarding grants to professors, as a con- 


les led by Exxon- 
1 


sortium of energy compa 
Mobil is doing (see table). A grants pro 
doesn’t foster the “foot traffic, hall traffic 
water-cooler talk” that Koonin believes is 


essential for a successful research enterprise 
The answer, Koonin decided, was private- 
publi 


“big science.” BP launched a competi- 
institute. UC Berkeley and its 
partners, neighboring Lawrence Berkeley 
National Laboratory (LBNL) and the Uni- 
versity of Ilinois, Urbana-Champa 


tion to host thi 


edged out four other university teams, says 
Koonin, in pa 
tions to biotech, well-equipped scientific 
facilities, and 
The institute will sit in a yet-to- ned 
building on the UC Berkeley campus, with 
25 themed labs. The institute, and a smaller 
sister facility at Illinois, will include space for 
proprietary BP research as well as open labs for 
academics. A joint board will select projects 
in what LBNL biochemist Christopher 
Somerville calls a “spirit of flexibility” 


because of strong connec 


history of doing big science. 


desi 


Many operational aspects of the new EBI 
have yet to be worked out, and some could be 
contentious. UC Berkeley is no stran; 


ert 
corporate-funded science as well as the con- 
troversy that itcan spark. It was eriticized for 
a $25 million, 5-year deal with European 
jant Novartis in 1998 that 


pharmaceutical 


didn’t pan out,” Burnside says UC Berkeley 
scientists leveraged Novartis funds to do 
much more molecular biology. 

Other se 


emtists stress the importance of 
building trust through daily scientific inter- 
actions to prepare for the inevitable fights 
over IP and other thorny issues, Microbiolo- 


Notable Corporate/University Partnerships 
‘Corporate 

Company University Investment ___Timme frame Announced Focus 
8 Uc Berkeley $5000 ao years 2007 Biofuels 
ExxonMobil Toyota, Stanford #225 aoyears 2003 Biofuels, 
Schlumberger, and sy renewable 
General Elect energy 
Pee Sipps Research DOM Gy S yeas 2006 Blond 

institate research 


provi: 
sions for any drug discoveries, and the 


arrangement was not renewed. Although BP 


wants its closed areas to be busy with com- 


mercial development, Breson emphasizes 
the company’s commitment to sharing intel- 
lectual property (IP) with academic scientists 
heir need to publish. “This has 
uot to be about open research.” he says. 

But, of course, the devil is in the details. 
UC Berkeley official Beth Burnside told 
Science that no more than 30% of the total 
funding would be spenton the 50 BP se 
‘who will work in proprietary labs at the insti 
tute facilities on the partner campuses. Koonin 
later said that hadn't been finalized and could 
change yearly. “We're inventing this as we g 
he admits. 


and honori 


along. 

A common problem that EBI needs to 
avoid, says sociologist Lawrence Busch of 
Michigan State University in East Lansin; 
who has studied the Novartis deal, is “mi: 


matched expectations” about research pay- 


and lucrative 
"he 


that “fears of academic freedom lost or that 
Novartis was buying the department really 
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gist Jeffrey Gordon of Washington Univer- 
sity in St. Louis, Missouri, a veteran partnel 
with Pfizer and other drug companies that 
Pfizer has acquired, says that the most suc= 
cessful projects flow from joint research 
proposals reviewed by all the partners, A 


2001 decision by computer chip giant Intel 
to set up a lab adjacent to the UC Berkeley 
campus raised the productivity of university 
software researchers, says computer scien- 
tist Joseph Hellerstein, because there were 
suddenly “more smart people to work with 
In contrast, he says, a locked room meant 
for proprietary research “was 
Although the type of industry-university 
collabora isioned at EBI “isn’t that 
* says economist Donald Siegel of 
UC Riverside, who has studied such 
arrangements, the scale—a decade-long 
commitment and a $50 million annual 
budget—is unprecedented. The magnitude 
also raises questions about the proper role of 
industry on campus, says economist David 
Audretsch of Indiana University, Bloomington: 
“We need companies to be working with 
campuses, but we don’t want industry- 
driven universities. This is right on that line’ 
ELI KINTISCH 
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AFRICAN SCIENCE 


African Leaders Endorse Science Ini 


PRETORIA, SOUTH AFRICA— 
id technology (S&T). 
although billed as the main themes 
of last week's A rican Union (AU) 


had to wait as h 
pressing issues such as the Darfur 
conflict, But on the last day, the 
heads of state approved i 
aimed at bolstering re: 
increasing the continent's clout on 
intellectual-property issues. With 
little public debate, the leaders 
urged member states to revitalize 
theiruniversitiesand spend atleast 
1% of gross domestic product 
(GDP) on research and develop- 
ment by 2010. In addition, the 
summit called for more extensive 
S&T agreements with other developing 
regions, announced new scholarships to stim 
ulate the study of science, and declared 2007 
tobe Afri entific innovation year” 
“Maintaining the status quo is not an 
option for Attica.” said Rwandan President 
Paul Kagame. He said Rwanda planned to 
double its S&T spending to 3% of GDP over 
the next S years and bolster its research insti- 
tutions. Most Affiean nations are now well 
below the 1% benchmark. Agronomist John 
Mugabe, who directs the S&T office of the 
New Partnership for African Development, 
which promotes social and economic 
progress in Africa, says the key point is that 


SCIENTIFIC WORKFORCE 


Upping the ante. Rwanda’s President Paul Kagame pledged to 
double science and technology spending. 


“the presidents themselves committed to 
strengthening science and technology 

‘One initiative endorsed by Africa's sci- 
ence ministers and tacitly approved by 
AU leaders is the development of a 20-year 
biotechnology strategy to channel resources 
| specialties. For example, 
ch already has livestock biotech 
Id be encouraged to build on 
this base. Other niches include crop biotech 
in the west, pharmaceutical biotech in the 
north, medical biotech in the south, and bic 


st Phil Mjwara, director- 
general of South Africa’s S&T department, 


by science ministers. He agrees that biotech- 
nology is important but cautions that “it will 
take a long time to really get it going’ 
Mijwara and Mugabe agree that creating a 
pan-African Intellectual Property Organiza- 
tion (IPO)—a concept endorsed by summit 
Ieaders—would be an important step toward 
establishing common standards and goals, 
Currently, there are two separate organiz- 
tions on the continent, each representing 
16 nations; 20 other countries, mostly in 
nonthem Africa, are not representedat all. The 
heads of state asked for a report by July on 
how to incorporate existing IPOs into a pan- 
African IPO that would take up issues such as 
traditional knowledge and wenetic resources 
Not included on the summit agenda, 
Mugabe says, was a controversial proposal 
to create a new African science and innova 
tion fund, He expeets it will be taken up by 
science ministers later this year, Its goal 


‘would be to pool resources from African 
nations and outside donors and distribute 
competitive research and development 
ants throughout the continent. 

There isa real potential for research syner- 
s” if these agreements lead to pan-African 
strategies, said Mjwara, But finding common 
ound on a diverse continent whose 
2 nations have widely varying resources and 
Priorities will continue to be a challeng 

ROBERT KOENIG 


Racism Allegations Taint Chinese Effort to Recruit Overseas Talent 


A new program that aims to inj 
international blood into China’s scientific 
workforce has come under fire for exclud- 
wg ethnic Chinese. Officials at the Chinese 
Academy of Sciences (CAS) counter that 
critics are missing the point. 
Last September, CAS launched a pro- 
m to provide fellowships for up to 
international young researchers” under 
the age of 35 to work in CAS laboratories 
for | year with salaries capped at 100,000 
yuan, of $12,900, renewable for a second 
‘year. The announcement received little pub- 
licity until last week, when an anonymous 
posting on the popular U.S.-based Internet 
forum Jiaovu Yu Nueshu (Education and 
Scholarship) noted that the Chinese version 
of the fellowship rules limits the 


t some 
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awards to fei huavi waifi (foreign nation- 
als not of Chinese descent). That phrase 
sparked a flurry of angry reactions on 
Chinese Internet sites abroad blasting the 
Program as and “discriminatory: 
The complaints have merit, some experts, 
say. The distinction between /uayi (persons 
of Chinese descent) and fei huayi is an 
“interesting” form of racism, says Stevan 
Harrell, an anthropologist at the University 
of Washington, Seattle, who has done field- 
work in China for more than 20 years. The 
premise is that “anyone who is of Chinese 
descent somehow has a connection with 
China” 
American huayi, for instane 


even a second- or third-generation 
and ther 
foreigne! 


fore is not considered a“ 
Harrell explains. 


The deputy director of CAS's education 
department, Li Hefeng, defends the pro- 
gram, Li points out that CAS already has 
‘humerous incentive programs to attract 
huayi, such as the One-Hundred-Talent 
Program. “About a third of researchers in 
US. and Japanese labs are international, 
says Li, “but CAS has almost none.” Until 
recently, “we worried whether fei huayi 
could adapt to our country’s work, living, 
and especially cultural environment,” he 
says. But conditions are improving. Li says, 
and in the furure there may be no need for 
separate programs for huayi and fei huany. 
The “main goal.” he maintains, “is to 
expand international exchange and eollabo- 
ration.” In this ¢ 
non-Chinese ancestry. 


international means 
“HAO XIN 
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Rett Symptoms Reversed in Mice 


me of the dramatic neurological problems 
of Rett syndrome can be reversed in an exper- 
imental mouse model, researchers have 
found, Although the work does not have direct 
therapeutic applications, scientists studying 
the devastating genetic disorder hail the Find- 
ings as a sign that treatments are at least pos- 
sible in principle. “This is very exciting.” 


researchers and the families and patients hope 
that, as we uncover [biochemical] pathways 
that could be safely manipulated, we can 
recover some function in these girls: 

Rett syndrome affects roughly one in 
10,000 gitls, They develop normally for the 
first 6 to 18 months of life, but they then 
begin to lose mobility and their cognitive 
development stalls, Rett girls ean live well 
into adulthood, but they endure severe mental 
and physical deficits 

Mutations in a gene called MECP2 are to 
blame. How mutations in this single gene on 
the X chromosome, itselfa regulator of other 
genes, causes neurological problems is 
known (Science, 8 December 2006, p. 15 
bbut the new study, published online this week 
by Science (www.sciencemag.org/egi 
content/abstract/I 138389), suggests that 
the damage to the nervous system may not 
be permanent 

Jacky Guy and Adrian Bird of the Univer- 
sity of Edinburgh, UK.. and colleagues ere- 
ated mice with a genetic roadblock—a string 
of DNA— inserted into Mecp2 (the mouse 
version of the human gene) that prevented 
cells from reading the gene to make the pro- 


ALAN PERCY UMVERSTY OF ALABAMA, BRBANGHAM 


& Hope. Girls with Rett syndrome have impaired 
§ mobility: mouse studies hint ata remedy. 


tein itencodes, Female mice with the blocked 
Mecp2 developed normally for4 to 12 months 
before showing Rett-like symptoms, includ- 
ing impaired mobility. an abnormal gait, 
tremors, and breathing difficulties, 

Then the researchers tumed Mecp2 back 
‘on, exploiting another gene they'd bestowed 
‘on the mice. This gene encoded a hybrid pro- 
tein: a DNA-splicing enzyme fused to an 
estrogen receptor. The enzyme can recognize 
and remove the roadblock in Mecp2, but the 
attached estrogen receptor prevented it from 
entering the cell nucleus. By injecting the 
mice with tamoxifen, a drug that binds estro- 
gen receptors, the researchers sent the hybrid 
protein scuttling into the nucleus to snip out 
the roadblock and restore Mecp2. 

Afier the mice had received five weekly 
tamoxifen injections, the Rett-like symptoms 
all but disappeared. A few of the rodents con- 
tinued to walk with their hindlimbs abnor- 
mally far apart, but otherwise they were hard 
to distinguish from thei 
relatives. It was a pleasant surprise, because 
researchers had feared that the developmental 
loss of Meep2 led to missing or permanently 
disabled neural connections, “The general 
perception is that once the brain has missed 
‘out big time on some ingredient of normal 
development, it’s never going to be able to 
recover.” Bird says. “We thought maybe we'd 
get amelioration of the symptoms, but we 
didn’t anticipate that things would be reversed 
‘on the seale that we found. 

The findings suggest that the lack of 
Mecp2 doesn’t do irreversible damage to ne 
rons, says Rudolf Jaenisch of the Whitehead 
Institute for Biomedical Research in Cam- 
bridge. Massachusetts. “It’s almost like 
dream result.” he adds. 

Still, the study doesn’t point toan obvious 
strategy for treating Rett syndrome, Hum: 
‘gene mutations can’t be repaired by the tec 
nique the Edinburgh team used, and simply 
boosting MECP. therapy or 
administering the protein, is not likely to 
work, Zoghbi and others say. That's because 
girls with Rett syndrome already make 
MECP? protein in about half their cells, 
thanks toa good copy of MECP2ontheir sec- 
‘ond X chromosome. These cells would end 
up with a surplus of MECP2, which appears 
tobe just as damaging as a deficit is. Finding 
alternative strategies won't be easy, but the 


enetically normal 


mouse work suggests that such efforts are 
well worth pursuing, ~GREG MILLER 


France: The Blame Game 


PARIS—A new government report blames 
badly managed public research for historically 
poor commercial payoffs and calls for funding 
projects rather than institutions. “Despite 
measures taken since the 1999 innovation 
and research law, the commercalization of 
research has not progressed in France for 

15 years,” the report says. 

Bertrand Monthubert, president of the advo 
‘acy group Sauvons La Recherche, says the 
250-page report “takes no account of the sie 
of labs or the fact that most public contracts 
are awarded for priority research areas, such 
as nanotechnologies or energy.” Monthubert 
says industry isto blame and that companies 
should hire more ofthe 10,000 Ph.0. students 
who graduate French schools each year. 
Research unions are citing the report in a 
‘all to scientist to join civil servants in street 
protests this week, ~BARBARA CASASSUS 


FDA Reports Drug 
Studies Backlog 
‘yearly update from the U.S, Food and Drug 
‘Adminstration (FDA) on whether companies 
‘are monitoring the safety and efficacy of thera 
pies after they hit the market shows that few 
such studies are ongoing: 274 in all, or 17% of 
the number promised. Meanwhile, neary two 
thirds, or 1026 postmarketing studies, haven't 
yet started. FDA can't say how many of those 
are stalled or how many are soon to begin, 
Some outsiders say clearer data are needed 
‘and that FDA and drug companies should more 
aggressively pursve the studies, such as those 
assessing the safety of a certain drug dose 
“There's not been a huge amount of progress” 
in clearing the backlog, says epidemiologist 
Bruce Psaty ofthe University of Washington, 
Seattle. FDA says that some of the $11.2 mil 
lion requested by the White House this week for 
drug: safety initiatives wil go toward post 
marketing surveillance. ~JENNIFER COUZIN 


MIT Averts Hunger Strike 


The Massachusetts Institute of Technology in 
Cambridge agreed this week to let an Alcan 
‘American stem-cell researcher who did not 
receive tenure remain on campus several addi 
tional months. James Sherley threatened in 
December to begin a hunger strike over the 
tenure denial that he attributes to racism, The 
university, which sai this week that racism was 
not a factor in the tenure decision, plans to set 
up a committee to examine the status of minor 
ity faculty members on campus. 

ANDREW LAWLER 
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2008 U.S. BUDGET 


Research Rises—and Falls—in 
The President's Spending Plan 


Just as he has stayed the course in Iraq, Presi- 
dent George W. Bush has stuck to his guns 
with his budget proposals. On $ February. he 
sent Congress 2008 budget request for sci- 
cence that favors a handful of agencies sup- 


porting the physical sciences and puts the 
squeeze on most of the rest of the federal 
research establishment as part of an overall 
$2.9 trillion plan that clamps down on most 
nding. 

i, the president's budget proposed 
the American Competitiveness Initiative 
(ACD, 10-year doubling of the National Sei- 
ence Foundation (NSF), the Department of 
Energy’s (DOE'S Office of Science, and core 
Jabs at the National Institute of Standards and 
Technology (NIST). At the same time, he 
asked Congress to cut the National Institutes 
‘of Health (NIH), which makes up almost halt 
the $60 billion federal seienee and technology 
budget. His 2008 request follows suit. If it 
were to be adopted intaet—a wholly unlikely 
prospect. given the Democratic control of 
Congress—government support for basic 


research would rise by a minuscule 
0.5% fiom his 2007 request. 
Accordingly, the new request is getting a 


A Science Bud 


Agency 
‘National institutes of Health 
‘Transfer to Global Fund 
‘National Science Foundation 
Research’ 
Education’ 
NASA 
Science 
Exploration 
Department of Energy, Office of Science 
Department of Defense basic research 
DARPA basic research 
Homeland Security, science and technology 
Department of Commerce 
NOAA oceanic and atmospheric research 
NIST labs 
‘Advanced Technology Program 
Environmentat Protection Agency science 
USDA competitive research 
U.S, Geological Survey 
Food and Drug Administration’ 
“Pane ye Hse 3m amas Sete an 


‘ces aero ER pram om tno ema cot 
{eae eres 


decidedly mixed reception from sei 
groups. “The [president's] budget has much 
Positive news for the nation’s research univer- 
sities, but italso raises some very serious con- 
ays Robert Berdahl, president of the 
member Association of American Univer- 
's (AAU). He praises the ACI funding but 
chastises the Administration for “shortchang- 
defense research and making wh 
amounts to a $500 million cut in NIH fundin 
Democratic 
equally ambivalent, “The president's budget 
includes a few good tangets for R&D fundin 
but ignores too many of our country’s prion: 
ties,” says Representative Bart Gordon 
(D-TN), chair of the House Committee on 
Science and Technology. 

Biomedical | 
a silver lini 


cern 
62. 


of American Soe! 
Biology, which has called fora 
NIH. “Our goal will be to have this changed 
when it goes through Congress.” 

The 2008 budget is harder to interpretthan 
‘most presidential requests because Congress 
hasn't finished work on the 2007 budget 


t Up for Grabs (in $ Millions) 


House 2008 % 
2007 CRY request change 
20,931 28621 1.1% 
99 300 +203% 
5916 6429 48.7% 
4.766 S331 47.7% 
700 750 +7.1% 
16247 17,309 +6.5% 
5.251 5.516 45.0% 
3401 3,924 415.4% 
3,796 4,397 +15.6% 
1566 1428 -8.7% 
145 153 45.5% 
1,003 916 2.7% 
370 358 3.2% 
426 492 +155% 
0 0 
563 540 4.1% 
190 257 4353% 
978 975 03% 
1965 2,085 46.1% 


Pick a number. The current House spending plan may be the best yardstick to measure the president's 
request fr 2008, because Congress hasn't completed ork on the 2007 budget. 
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The previous, Republican-led Congress 
adjourned in December after ordering agen- 
es to keep spending at 2006 levels until 
15 February, and the new Democratic major- 
ityisnow putting together a final 2007 budget. 
A resolution adopted on 31 January by the 
House would hold most federal agencies to 
2006 levels, but with a few notable excep- 
tions, including NSF, DOE’s Office of 
Science, and NIST. The Senate is expected to 
take up the measure shortly 

The 2008 request for science will play out 
in the midst of the bitter debate over the Iraq 
war and efforts to shrink the federal deficit 
Here are some individual agency highlights: 


Its 2008 request pays special attention to 
1ef scientists despite containing less 
than the amount Congress is expected to 
approve for 2007. New and competing grants 
in the president's plan would surpass 10,000 
for the first time in years, says NIH Director 
Elias Zerhouni, on the way toward achieving 
le” growth, Funding for 
ity “Roadmap” projects under the 
jor's control will increase, as will 
for first-timers. 

Biomedical lobbyists figure that NIH 
‘would actually receive $500 million less under 
the president’s budget than in 2007, in part 
because its contribution to the Global Fund to 
Fight AIDS, Tuberculosis, and Malaria and 
other diseases in the developing world would 
rise from $99 million to $300 million. They 
also note that the total number of grants would 
drop, Asked about the likelihood of such a cut- 
back. a Senate majority staffer said, “We're not 
going to let that happen.” 


“stable 


susta 


NSF: Director Arden Bement says he's “more 
than happy” for a budget that has room for a 
million initiative to add computational 
elements into the biological and physi 
ences and engineering as well asa $24 million 
increase in a $90 million program for major 
research infrastructure at universities with 
nited endowments. NSF hopes to add 
aduate research fellowships in 2008. 
With regard to major new facilities 
ency has requested $32 million to 
Continued on p. 753. $ 
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Highlights From the Budget 


NASA Tries to Make Space for Science 
NASA came under heavy fire last month from the National Academies’ 
National Research Council for cutting important earth science missions, 
and just this week, another academy panel complained that overruns i 
large projects such as the James Webb Space Telescope, slated for a 
2013 launch, are hurting smaller astrophysics efforts. But NASA officials 
say that their 2008 budget will put the agency's beleaguered 55.5 billion 
science program back on 4 more balanced track, 

Exhibit A, say agency officials, is the proposed restoration of several 
projects hanging in limbo during the past year. A joint U.S.-Japanese 
spacecraft designed to measure global precipitation will be launched in 
{wo phases in 2013 and 2014. And after several years of overruns and 
delays, two smaller astrophysics missions—Kepler, designed to discover 
extrasolar planets, and the Wide-Field Infrared Survey Explorer (below), 
which will produce a detailed map of the infrared universe—will by next 
year be given the money they need to fly 

That news may not be enough to satisty astrophysicsts worried that the 
queue of missions is quickly emptying. “There are no low-cost, quick 
response science programs being prepared today,” says Martha Haynes, an 
astrophysicist at Cornell University and vice-chair of the academy panel 
that released its report on 7 February. NASA requested the report last year. 

Its clear, however, that NASA's science program remains in crisis after 
having to pony up $2.44 billion from its 2007-2011 budget plan to cover 
shuttle and space station shortfalls. No spacecrat are slated to follow the 
large Earth observing platforms now in orbit, 
and the earth sciences budget will remain 
at about $1.5 billion forthe foreseeable 
future. Several important astrophysics 
fights, such as the Space Inter 
ferometry Mission, remain on hold 

because of budget constraints. 

Even lunar science, now in favor 
because of its connection to human 
exploration, faces an uncertain 
future after the projected cost of afew 
sophisticated rovers doubled to $1.5 bit 
tion, Deputy exploration chief Douglas 
Cooke says such rovers may not be necessary at 
all. "We need to have a really good map,” he says. “It’s hard to say we need 
much more than that.” Nevertheless, NASA Ames Research Center in Mountain 

View, California, wil put together a cheaper and faster option forthe rovers 
ANDREW LAWLER 


NIH Children’s Study Sparks Fight 

Director Elias Zerhouni says the National Institutes of Health (NIH) can't 
afford it. But legislators believe that a massive search for the sources of 
chronic ailments such as asthma and diabetes is worth $3 billion over the 
next 25 years, 

This week, for the second straight year, President George W. Bush's 
budget request to Congress zeroed out funding for the National Children’s 
Study, which would enroll 100,000 newboms (beginning inthe womb) and 
monitor their health and exposure to environmental risks for a quarter 
century (Science, 10 December 2004, p. 1883). Authorized by Congress in 
2000, the study received $12 million in 2006 to support seven “vanguard” 
centers that will help design the study. Last week, 2 House spending plan 
for 2007 included $69 million for the study, and supporters are gearing up 
{to push for $111 million in the 2008 fiscal year that begins on 1 October. 


SCIENCE 


‘Why does this study have such strong legislative backing despite NIH’s 
plea of poverty? Supporters argue that it would more than pay for itself if 
it leads to even a 1-year 1% reduction in the key diseases it examines. But 
‘one biomedical lobbyist who requested anonymity claims that advocates 
created a large and geographically diverse constituency by naming the 
vanguard centers and identifying nearly 100 future study sites, The lob 
byist, who called the 
tactics an “outrage,” 
likened them to meth: 
‘ods used by any special 
interest group to retain 
federal funding for a 
large project. 

The children’s study 
is not a special-interest 
project, says lobbyist 
John Porter, a partner at 
the Hogan & Hartson 
law firm in Washington, 
D.C. Porter, a former 
Republican representa 
tive from Illinois who 
chaired the House panel that sets NIH's budget, has been hired by the van 
‘guard centers. “We respected the fact that funding is very tight and diff. 
cult for investigators,” he says, adding that Congress has put the study in 
the NIH director's budget rather than having it compete against investigator 
initiated grants at individual institutes 

The study's cost “isnot trivial,” concedes Leonardo Trasande, a preven: 
tive medicine researcher who has championed it alongside his colleague 
Philip Landrigan at Mount Sinai School of Medicine in New York City. But 
he says it's the best way to find the complex factors that are feeding an 
“epidemic” of chronic childhood illness. ELIOT MARSHALL 


NSF Education Program Rebounds 

The Bush Administration's efforts to rein in the National Science Founda 
tion’ (NSF's) education programs may be coming to an end, with an assist 
from a congressionally mandated review of existing federal efforts to 
improve math and science education, 

NSF's 2008 budget includes $30 million to revive its Mathematics and 
Science Partnership program, a competitive grants program that teams 
Universities and local school districts to improve elementary and second: 
aty school math and science. Begun in 2002 as a $200 milion presidential 
initiative, the NSF program had shrunk to a proposed maintenance-tevel 
46 million in 2007 while a similar program in the Department of Educa 
tion that awards block grants to every state grew rapidly (Science, 24 Febru: 
‘ary 2006, p. 1092). The Administration's request would permit anew round 
cof competitive 5-year awards, says NSF Director Arden Bement, along with 
developing “too kits” for teachers based on successful programs to date. 

‘Many legislators have long argued that NSF could doa better job than 
the Department of Education, and a review ofall federal programs by the 
interagency Academic Competitiveness Council (ACO) to be released later 
this month seems to bear them out. “I think that the ACC recognizes the 
‘vality of our assessments and our success in achieving significant stu 
dent outcomes,” says Bement, who has seen a draft of the upcoming 
report. Robert Shea, associate director for management at the White 
House Office of Management and Budget, told Science last month that 
NSF is among those agencies “with a strong track record for rigorous eval 
Uation* that could be models for other agencies trying to improve science 
and math instruction. “JEFFREY MERVIS 
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begin upgrading the Laser Inter- 
ferometer Gravitationa ye 
Observatory. and it has stretched 
out the scheduled ramp-up of 
national environmental and ocean 
observatory networks because of 
continued tweaking of their 
designs, Bement says he also hopes 
to Win congressional approval in 
2007 to begin building a $120 mil- 
lion Aretic research vessel. 


HOMELAND SECURITY: The Depart- 
‘ment of Homeland Security (DHS), 
whose Science and Technolog: 

directorate was reprimanded by 
‘Congress last year for mismanag- 
ing its finances, wants to cut its 
university programs by 20%, to 
39 million. And although officialsalso plan to 
add four university-based centers of excellence 
to its current roster of seven, that expansion 
will likely translate into less money for exist- 
ing centers, Jay Cohen, the directorate's new 
undersecretary, promises that the program will 
bounce back, “Please view this asa transition 
yer as we realign the [centers] program with 
our mission,” he says, adding that DHS 
remains “fully committed to basic research.” 


DEFENSE: The silver lining in an 8.7% cut for 
basic research at the Department of Defense 
(DOD) is.a big boost to the National Defense 
Edueat Program, from $19 million to 
$44 million, The program, begun in 2006, pro- 
Vides scholarships to U.S. undergraduate and 
graduate students in science and engineering 
disciplines related to national defense in hopes: 
of replenishing DOD'S aging science andl tech- 
nology emple ‘The idea is definitely res- 
donating with folks on the Hill.” says AU's 
Matthew Owens, The base research portfolio 
at the Defense Advanced Research Projects 
Agency would rise by 5.5%, to $153 million. 


Still competitive. The Administration has requested a second 
year of big increases forthe three agencies under ACI. 


ENERGY: Undersecretary of Science Raymond 
Orbach says thata second consecutive year of 
large increases will allow DOE to take “our 
st step into new territory.” The expected 
2007 increase, he adds, “repaired the dam- 
1¢" to programs long starved for funds. 

The 2008 request would give $160 mil- 
lion toward the $6 billion International 
Thermonuclear Experimental Reactor in 
Cadarache, France, Projects related to 
applied energy science would enjoy a 
whopping fease overall above the 


x ably for biomass research 


SPACE: NASA Administrator Michael Griffin 
says he is happy with the proposed 


3.1% increase over the pre: 
2007 request. But the 2007 budget coming 
down the pike from the new Democratic-run 
Congress is quite another matter 
the receiving end of a budget we don’t like’ 
grouses Griffin, referring to a half-billion- 
dollar reduction in NASA's effort to build a 


Science Adviser Battles Cancer 


Last month, John Marburger became the longest serving presidential science adviser in US. history. 
The 66-year-old laser physicist has been in the thick of many poicy battles in the 5 12 years he's 


served President George W. Bush but he's currently engaged in an even toughes 


fight—against 
In November, Marburger was diagnosed with non-Hodgkin's lymphoma and began around of 
treatments. The effects of the chemotherapy have forced the former president of Stony Brook 
Univesity and one-time director of Brookhaven National Laboratory to work much of the time 


from his home in New York. 


This week, Marburger’s condition became public when he missed the Administration's annual 
science budget briefing, over which he normally presides. “Jack can't be here because he is 
‘currently fighting a battle with cancer, which he is winning,” explained Richard Russel, deputy 
director for technology and Marburger’s longtime aide. Marburger is expected to testify next week 


before the House science committee. 


0M. 


new launcher to take humans to the moon 
That cut, if it holds up, could greatly extend 
completion of the system, now planned for 
4 yearsafier the shuttle’s last flight in 2010. 


he proposed 21% boost over the- 
-approved 2007 funds would advance a 
proposed lab expansion at the agency's Boul- 
der, Colorado, campus and an upgrade to the 
NIST Center for Neutron Research in 
Gaithersburg, Mat 


Asin er ious requests, the pele 
would zero out the Advanced Technology 
Program (ATP). which helps companies 
commercialize nascent technologies. The 
House spending bill offers ATP a I-year 
reprieve, at $79 million, 


EPA: The Environmental Protection Agency's 
Office of Research and Development would 
suffer a 4.1% cut from the House-approved 
level. That's less than the 6.7% reduction the 
‘Administration sought for 2007, EPA chief sci- 
eentist George Gray says that the 2008 request 
includes small boosts for intramural research 
‘on nanotechnology and risk assessment. 


NOAA: The National Oceanic and Atmos- 
pheric Administration is secking $40 million 
more for ocean research as part 0 overall 
$123 million boost under the president's 


ice of Oceanic and Atmos- 
arch (OAR)—would drop by 
» from the House 2007 spending bill, 
which hews to 2006 ke 


AGRICULTURE: The Administration reprised 
its goal of boosting competitive research at 
the U.S. Department of Agriculture. The 
National Research Initiative would see a 
% jump to $257 million, just slightly less 
ed last year. And 
ated its proposal to 
ive awards for 9.4% of the 


land-grant universities each year. Agricul- 
ture school lobbyists say they will continue 


to oppose that move unless the overall pie 
gets bigger. That doesn’t happen in the 
Admi 


stration’s request for $530 million, 
ly the 2006 level. 


JEFFREY MERVIS. 


Reporting by Yudhijit Bhattacharjee, Adrian Cho, 
Constance Holden, Eli Kintsch, Andrew Lawler, Eliot 
‘Marshal, Robert F. Service, and Erik Stokstad. 
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Hot times. it won't get 


They've said it before, but 
this time climate scie 

are saying it with feelin 
The world is warming; i 
not all natural, its 
nothing is done, it will get 
a whole lot worse 


Scientists Tell Policymakers 
We're All Warming the World 


THE LAST TIME THE INTERGOVERNMENTAL 


warmin Down to work 
he work, Created by 
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So the IPCC authors weren't impressed by 
the contrarian argument that the warmin 


just an “urban heat island effect” driven by 


increasing amounts of heat-absorbi 
‘rete and asphalt, That effect is real, the report 
says, but it has “a negligible influence” on the 

lobal number, Likewise, new analyses have 


largely settled the hullal 
mometers at Earth's surface mi 


aloo over why ther- 


sured more 
warming than remote tes had 
detected higher in the atmosphere (Science 
12 May 2006, p. 825). Studies by several 
groups have increased the satelit 


nsing satel 


determined 


cely reconciling the difference. 
This confidently observed warming of the 
‘tbe anything but mostly human 


tude 


lobe ca 


induced, the IPCC finds, True, mode! 
ies have shown that natu: 

ral forces in the climate 2020-2029 
system—such as calm 


voleanoes and the sun's, 


brightening—have in < 
Fact led to warming in 
the past, as skeptics 
And the natu 


ral ups and downs of eli- 


point out 


mate have at times 
warmed the globe. But 
all of these natural vari- 


ations in combination 


have not warmed the world 


ough, and for long enough in 


nough, fst e 


the right ge 
observed wam 


terns to produce the 
w. the report finds, In model 
studies, nothing warms the world as observed 
the 


except the addition of greenhouse gases 
actual amounts emitted. 
From studies of long-past climate, includ- 


the famous hockey-stick curve of the past 
millennium’s temperature (Sefence, 4 August 
2006, p. 603), the IPCC concludes that the 
recent warming is quite out of the ordi 
“Northern Hemisphere temperatures durin, 
the second halfof the 20h century were very 
likely higher than during any other 50-year 


ary 


period in the last $00 years 

cludes, “and likely the b 

past 1300 years” 
Contrarians have conceded that 


the report con 


yest in at least the 


house gases may be warming the planet, but 
not by much, they say. The climate system is 
not sensitive enough to greenhouse g 

overheat the globe, they say. For the first time, 
the IPCC report directly counters that argu- 
ment, Several different lines of evidence 


se5 t0 


point to a moderately strong climate sensitiv- 
ity (Seience, 21 April 2006, p.351). The erup- 
tion of Mount Pinatubo in 1991 thickened the 
stratospheric haze layer and cooled climate, 


providing a gauge of short-term climate sen- 


sitivity, Paleoclimatologists have determined 


Warmer, then hot. A middle-of-the-road scenario calls for warmings of 
‘more than 6°C in high northern latitudes. 


how hard the climate system was driven dur- 


ing long-past events such as the last ice age 
sd then. And 


and how much climate chai 


ed on a narrower ra 


models have conve 
of climate sensitivity 

The IPCC conchides that both models and 
pastcli es pole to a fairly sensi 
climate system. The warming fora doubling of 
CO, “is very unlikely wo be less than 15°C" 
says the report, not the less than 0.5°C favored 
by some contrarians. A best estimate is about 


re cha 


3°C, witha likely range of 2°C 10 4.5°C 
What next? 
Looking ahe: port projects a warm- 


ing of about 0.4°C for the next 2 decades. 


That is about as rapid as the warming of the 


2090-2099 
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past 15 years, but $0% faster than the warm- 
ing of the past 50 years. By the end of this 
Jobal temperatures might rise any 
where between a substantial 1.7°C and a 
whopping 4.0°C, depending on the amount 


century, 


of greenhouse gases emitted, In some model 
projections, lat 
but disappe: 
likely that extremes of he: 
heavy precipitation events will continue to 
become more frequent, Rain in lower lati- 
ht 
‘On some hot topics, the IPCC comes down 


summer Arctic sea ive all 


s late in this century, It is very 


heat waves, and 


tudes will decrease, leading to more drou; 
ive side. It sees evidence of 
more intense hurricane activity in the North 
Atlantic, something many researchers contest 
but paints a murky picture elsewhere, in line 


on the conserva 


with doubters’ reservations (Science, 10 Nov- 
006, p.910), Aso the so-called n 
al overturning circulation (MOC) 
conveyor belt of currents that delivers: warm 
Water to the far North Atlantic 
enough evidence to say whether it has slowed 
jobal warming, according to the IPCC 


ie 
the 


emt 


there is not 


under 


contrary toa high-profile report of a 30% slow= 
ing (Science, 17 November 2006, p. 1064), But 
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This tine around, 
planet's climatic health (see main text) mi 
ona fire, Even in the United States, whi 


induced climate chang 
concern about global warming 
U.S. media h 

local, state, an 


ical parties were pushing or even implementing their 


reining in greenhouse gas emissions. 


“It takes a sudden jolt sometimes before we become 
former vice president Al Gore says in his Oscar-nominated glo 


documentary An Inconvenient Truth. If so, the 
perceptions this time may have come in large p 
has been “a chronic drip of {medial stories 
hard to control,” note 


ity, from raging hurricanes such as K; 
mid-January daffodil bl 

Will the 
global warming? Some obser 
Oppenheimer. The sentiment toward U.S. 
back.” But many of the jolting climate 
least temporarily, ce-me 


ther driv 


the body p 
ts believe 50 


ricanes in the Atlantic, among other climate trends, are also subje 


ral swing 


that coul 


ing’s more dramatic effe 


The first American surge in attention to global warmin 


similarly combustible mix of cli 


ate 


the IPCC goes on to project a very likely reduc- 
tion in MOC flow by the end of the century. per- 
haps on the order of 25%. Contrary to the eli- 
mate catastrophe movie The Day Afier Tomor 
nw, however, a slewing of the MOC would not 
freeze up the North Atlantic. The region won't 
even cool off, thanks to greenhouse warming 
And it’s very unlikely the MOC will abruptly 
shut down this century. the report say's 

The IPCC is overly conservative. in the 
opinion of some newly outspoken se 


sts, 
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et another international assessme 
Look like thr 
e skepticism al 
has long dominated government policy, public 
already as high 
id been at fever pitch on climate 


tional politicians from both of the country’s major polit 


hock to public and political event 


fro 
about weather effect 
scientist Michael Oppenheimer of Prin 
atrina and melting Arctic sea ict 
mms in Washington, D.C 

litic to 
“Probably it’s robust 
action “is just not going to g 


nts may them 
ing warmth in the Arctic and su 


mporarily slow or even pau 


ince and weird 


HIV) 


of the hottest days of 1988 


much of the Ame 


ing gasoline 


NASA's Goda. 
Capitol Hill. This 


ever had be 


a year and more. An 
ical scientists Maxw 


posals for Pi 


are of a danger,” tion on Climate C 


jother Nature. There greenhot 


nUni- conse 


go away, atm 
of deadly hur 


natu the numb 


of global warm- be 


Yellowstone National Park, leading climate researcher James Han: 
rd Institute for Space Studies in New York City testified on 
as greenhouse w 
ws coverage, at least, 
Boykolf of 
fic University in Forest Grov 
first President George Bu 


ness Inthe past couple of years, 
again, says political communications res 
ican University in 


arming to its highest I 
has permeated television, mov 
s, style, and gardening page 


Ungentle reminder. 
ina's destruction brought 
s=global warming to mind 


shington, D.C., with drought gripping 


st and huge wildfires racing through a tind 


ming, he told Cong 


confidently, 
Racers a Toe cee Hot 


ve University of Oxford and Jules Boykolf of 
Oregon. It peaked again in 1992, when the 
signed the United Nations Framework Conven: 


nge. Then media attention promptly plummeted. It 
perked up only briefly, th 


Boykoff brothers note, in response to political 


wen President George W. Bush rejected the Kyoto Protocol 


issions in 2002 


bal warming never entirely vanished from the American 


‘the whole issue has moved up the 
cher Matthew Nisbet of 
n, D.C, and itd itwithout the usual boost 
nt. The public still hasn’t elevated global 
Nisbet n 
s, and books, sequed onto the bus 
and broken into daily conversation, Media 


hingt 
\oitical: 
els of environmental conce 


butthe 


attention reached an all-time high in 2006, Nisbet has found, as gauged by 
of articles in elite newspapers. And the mutualistic relation 
n the media and politicians 


as cranked way up 


reporters fed off 


the policy debate and politicians drew strength from media coverage. 


started with a 
ather. On one of the 


when it comes to the fate of the world’s great 


ice sheets—on Greenland and Antarctica 
and the likely rise in sea level. The factsare not 
in much dispute. The ocean is warming and 
therefore expandin 
melting into the sea, and Greenland is melting 


around its edges as well. That drove up sea 
level as fast as 3 millimeters per year lately 
The IPCC projects that sea level will continue 
to rise 28 to 43 centimeters in this century, 
depending on emissions. 
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So what got the pot boiling so high in the United States this time around? 
ay observers see global warming moving to the front burner much the way 


ly agreed that the IPCC 
calculation leaves out a potentially impor- 
tant factor. Som 
Greenland and West Antarctica have sped 
up in the past 5 to 10 years, some of them 
doubling their speed (Science. 24 March 
2006, p. 1698). But this glacier aecelera 

tion is not included in the IPCC sea-level 
projection “because a basis in published li 


Itis also gen 


Jaciers draining ice from 


erature is lacking,” according to the report. 


That didn’t sit well with some researchers, 


‘ozone destruction did in the 1980s. Theoretical predictions were prompting 
some governments to begin to curtail chlorofluorocarbon (CFO) emissions. 
Then researchers recognized the springtime ozone hole hovering over the 
Antarctic, galvanizing intemational negotiations on eliminating CFCs. 

Global warming may never have the equivalent ofthe ozone hole, but the 
‘cumulative effect could be the same. Americans “are starting to see changes 
in the weather,” says Eileen Claussen, president of the Pew Center on Global 
Climate Change in Artington, Virginia. There was the 2004 hurricane season, 
with four hurricanes wreaking havoc across Florida, followed by Katrina in 
2005; year after year of record-breaking shrinkage of Arctic sea ke, accom: 
panied by images of hungry polar bears; glaciers accelerating their rush to 
the sea in Greenland and Antarctica, driving up sea level: and those daffodils 
in the nation’s capita. 

Political and economic factors have also helped fuel the fire. Many 
alternatives to expensive oil, for example, would also ease 
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‘Atmospheric Administration's Pacific Marine Environmental Laboratory in 
Seattle, Washington, sees the recent rapid Arctic warming “asa fairly strong 
natural variability signal on top of long-term {humanmade] change. it's very 
likely we could have a 5-year period of colder temperatures, and people could 
say, Aha, we don’t have global warming.’ " 

Other worrying climate trends could pause or moderate as well. Part of 
the surge in powerful Atlantic hurricanes since 1995 is attributable to a 
natural cycle in the proportion of major storms, according to meteorologist 
Gregory Holland of the National Center for Atmospheric Research in Boul- 
der, Colorado (Science, 10 November 2006, p. 910). So the Atlantic could 
Quiet down a bit, he says, although perhaps not until 2020 or later. Another 
climate threat—the collapse of the climate-moderating currents of the 
Atlantic—seems to have receded already. Late in 2005, oceanographers, 
reported measuring a sizable 30% slondown in the so-called meridional 


‘greenhouse warming. But to the extent that dramatic climate 
‘events have heightened interest, global warming activists have 
a sometimes unreliable helper, researchers note. The climate 
system swings from warm to cool and back, from wet to dry. 
EL Nifio’s unusual warmth in the tropical Pacific is just one of 
‘many natural climate variations, And the climate system does 
itall quite on its own, 

Such natural variability could temporarily reinforce or rein 
in global warming effects, in a study in press at the Journal of 
Climate, for example, modeler Gabriele Hegerl of Duke Univer- 
sity in Durham, North Carolina, and colleagues reconstructed 
past Northern Hemisphere temperature from records such as 
tree rings and then apportioned the warming using a simple cli- 
imate model, They found that rising levels of greenhouse gases 
account for about one-third of the large, rapid warming over 
the fist half of the past century, but another third must have 
been a natural warming, 

What warms the hemisphere can also coo! it, according to a 
modeling study reported 30 January in Geophysical Research Letters. Mod: 
‘ler Rong Zhang and his colleagues at the Geophysical Fluid Dynamics Lab 
‘oratory in Princeton, New Jersey, found that oscillations in the flow of warm 
‘currents into the North Atlantic could have added substantially to the 
‘eatly-20th century warming, contributed to the mid-century pause in warm: 
ing, and bolstered the obvious greenhouse-fueted warming of the past few 
decades. f what has been going up and dow for atleast a century goes down 
again, the ongoing warming that took ff inthe ‘70s could noticeably slow in 
the nest 10 oF 15 years, 

‘Natural variability is even stronger in places such as the Arctic Science, 
5 January, p. 36), one of two climatic “canaries in the coal mine” Gore cites 
imhis film. tn the 1930s to 1940s, the Arctic warmed to even higher temper- 
atures than now, only to cool back down by the 1970s. Drawing on 12 climate 
models, Arctic researcher James Overland of the National Oceanic and 


such as Stefan Rahmstorf of the Potsdam, 


“EOS 04-03-02 01 0 


1890 1900 1910 1920 1930 1980 1950 1960 1970 1980 1990 


Year 


01 02 03. 04 
Degrees ("C) 


05 06 


Warm and warm again. The world, especially the Arctic, warmed in the 1930s and ‘40s 
(warm colors), in large part due to natural variability. 


overturning circulation only to concede late last year that their record 
was s0 noisy that they couldn't reliably detect any change aftr all (Science, 
17 November 2006, p. 1064). 

Justhow natural climate variability wil interact with political divisiveness, 
the public's mood swings, and the cclc economics of energy is unclear at 
this point. Some say, however, that the mix of bizarre weather and politics 
boosted by the media now ensures there's no turning back. Even ifthe 
‘mate craziness fades for a while, “I think national legislation is inevitable in 
4 years,” says Claussen, Others, however, think such confidence may be mis- 
placed. Science historian Naomi Oreskes of the University of California, San 
Diego, recalls the energy craze of the late 1970s, when soaring oi prices 
drove dreams of energy independence through conservation and alternative 
fuels. That passed as soon as prices fell. “We got excited for a whi, but we 
dida’ take the serious steps.” “RAK. 


i te for Climate Impact Research in Ger- 
many, He authored a Seience paper last month 
E hatextrapotated from the recent sea-level rise 
i to a rise ranging from 0,5 meter to a near- 


strous 1.4 meters by the end of the cen- 
tury. Days before the 2 February IPCC report 
release, he and others—eall them counter- 
‘contrarians—spoke out in news reports, The 
§ IPCC sections on sea-level rise are “obviously 
5 not the full story because ice-sheet decay is, 


something we cannot model right now, but we 
know it’s happening.” Rahmstorf told the 
Associated Press. “A document like that tends 
to underestimate the risk.” And the day before 
the IPCC release, a second paper—co-suthored 
with seven colleagues—was published online 
by Science (www.sciencemag.org/egi/content 
abstract 1136843). The seas have been rising 
at the uppermost rate projected in past IPCC 
reports. the authors noted. Sea level “may be 
responding more quickly than climate models 


indicate." they wrote. 
Such publicly expressed concerns are 
likely to become more common, says climate 
modeler Michael MacCracken of the Climate 
Institute in Washington, D.C. Now that the 
ccontrarians have been dealt with, he says. si 
centistsno longer concemed about appearing to 
be alarmist will be speaking out about the 
IPCC being overly cautious. 
RICHARD A. KERR 
With aditional reporting by Michal Balter in Par 
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PROFILE: BRAIN, MUSIC 


AND SOUND RESEARCH CENTER 


Study of Music and the Mind Hits a 
High Note in Montreal 


After battling to have their field taken seriously, two musician-scientists have founded 
an interdisciplinary center to understand how—and perhaps why—humans make music 


MONTREAL, CANADA—It's Saturday night in 
Montreal 
dancers are in full whirl at the Cas 
A tall woman with a 

her hair stomps the wooden fle 


and the flamenco 
Gal 
ardenia in 


bbursts as loud as firecrackers, while her part 
1 full-throated cante, Ata table 


with a wistful smile, “This music always 


But music is more than just a Saturd 


night pleasure for Peretz, a neuropsyche 


tat the University of Montreal (UM). 


Peretz has devoted her career to understand: 


to create and respond to sequences of sounds. 


ist Robert Zatorre of McGill University in 


Montreal, she created the International 
Laboratory for Brain, Music, and Sound 
Research (BRAMS), a joint project of UM 
and McGill. Last fall, BRAMS received 
total of $12 million in a matching 


ant from 
government and university sources, The 
ers of BRAMS, 
and nin 


‘money will allow the mem 
including Peretz, Zatorre 
Montre: 
music’s mysteries. They 


eck to und 


how humans cooperate to perforin te 
how children 


nd adults learn 
and the relationship between music and lan- 
1¢. “BRAMS will allow us to use music 
a8 a portal into the most complex aspects of 


human brain function,” says 
Already, BRAMS researchers have pin- 
pointed areas 


the brain involved in the per- 


And the 


n of pitch. xe demonstrated 


plicated pieces relies on close coordination 
between distinct motor and a memory 
circuits in the brain, in contrast to previous 
assumptions that the melody was key and that 


the fingers would simply fol 
Even BRAMS was created, the 
Montreal group h 


{established a world 


class rep ie research, “They are 
number one by a long shot,” says Jamshed 
Bharucha, a music researcher and the prove 


of Tufis University in Medford, Massachusetts, 
jewed the BRAMS, 
ef Rauscheck 


y Medical 
Center in Washington. 
D« 


res: “T 


have assembled. are unbs 
able as a team: 


n the UM campus include A 


sound booths, a brain Music lover. 
ging lab, an echo-free P 
chamber, and a perform 
ng a $200,000 computerized 


cise details of each keystroke and foot-pedal 
movement, One of BRAMS's most spectac 
ular lab: ever. will be located on the 
other side of town, at the concert hall of 


McGill's Schulich School of Music 


Researche! 
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Wired for sound, 
mations will be 
monitored at Mccil 
music hall 


= 


logical sensors in up to 25 of the 188 seats to 
monitor group emotional reactions to live 
performances. The sensors will monitor 
heart rate, skin electrical responses, and 
even facial musculature of audience mem: 
bers who give informed consent, says McGill 


researcher Stephen McAdams, who heads 


this part of the project, Another 50 seats will 


be equipped with palm pilots, which sub- 
jects will be trained to use to indicate their 
ns by moving a stylus “through emo: 

McAdams says 
These high-tech facilities will allow the 
BRAMS team to ramp up its research con- 
We will be 


roduction in more natural 


We can move from 


contexts,” says Peretz 
the study of single individuals to several 


The 


subjects. roup is also designing musi 


tie resonance imag. 
ing (MRI) brain scans, Zatorre says such 
will allow us to understand why dif- 


f 


reater or lesser facility for 
learning, and what brain 
activity patterns differ 


merely competent player 
For Peretz, 50, and 
Zatorre, 52. the creation of 


BRAMS is the high note in 
more th: 


research into music and the 
brain, But during much of 
tor that time, each of them was 

playing solo, and relatively 

few scientists were even 
listening. As a girl in Belgium, Peretz spent 
ar, By the 


1 years studying classical 


ime she began university studies, hd 


ever. 
She 
at the Free University of 
Brussels in 1984 and came to MeGill in 1985 
With her docto 


she proposed on theoretic 


T knew that I was better at science 
received her Ph.D. 


José Morais. 
inds that the 


supervist 


g 


brain had specialized neural pathways for pro- 
ducing and responding to music, even if it 
shared some cognitive domains, such as hear- 
ing, with language. But many researchers 
were skeptical, arguing that the neural circuits 
involved in music mostly overlapped with 
those used in langu other functions, 

At UM, Peretz began studying subje 
suffering trom congenital amusia, an inher- 


ited form of tone deafness that does not 
affect language or other mental functions. In 
the 1990s, she expanded this research to 
brain-damaged patients sufferi 
called acquired amusia, showing that many 
of them also had normal language abilities. 
That convinced many doubters that she was 
right: Music and language did seem to 
occupy different “modules” in the brain 
(Science, | June 2001, p. 1636). “Isabelle’s 
work has fundamentally changed our under- 
standing of how the brain processes music,” 


from so- 


says archaeologist Steven Mithen of the 
University of Reading in the United King- 
dom, author of The Singing Neanderthals. 
If there are special areas in the brain for 
music, where are they? That question 
attracted neuroimaging expert Zatorre, who, 
like Peretz, has had a lifelong affinity for 
music—he has played the organ since he was 
achild, Born in Bu 
Zatorre majored in both psycholo; 
music at Boston University, where he played 
the organ at local churches, earning $25 for 
each service, He received his Ph.D. in exper- 
imental psychology at Brown University in 
1981, and the same year started a postdoc at 
McGill. where he has been ever since. At 
MoGill, Zatorre was in on the early days of 
the neuroimaging revolution, using MRI and 
other techniques to study the processing of 


both music and speech. His team was the 
first to demonstrate differences in brain acti- 
vation patterns between musicians who have 
absolute pitch and those who don'ts well as 
the first to localize emotional responses to 
music in the brain, For example, Zatorre and 
colleagues showed that the “shivers-down- 
the-spine” feeling that many pet 
they listen to pleasurable music corre 
With activation of brain regions such as the 
amygdala and the orbitofrontal cortex 
regions that are also associated with 
responses to food and sex. 

Despite these accomplishments, until 
recently Peretz and Zatorre, like other music 
researchers, “were marginalized.” Peretz says. 
Bharucha agrees: “I had an uphill battle con- 
vineing people that music was important as a 
cognitive or brain phenomenon.” The turning 
point for Peretz and Zatorre came in 2000, 
when the New York Academy of Sciences 


ple get when 


i 
i 
i 
4 
§ 


biological foundations of music. Soon afier- 


wand the field began to explode. One reason, 
Zatorre says, was that brain researchers such 
as himself began collaborating with cog 
psychologists such as Peretz, “The cognition 
people started realizing, “Hey, there is a brain 
‘out there And the neuroscientists and ima 
ing people began realizing that they had som 
10 contribute to the [cognitive] models. 

The collaboration between Peretz and 
Zatorre, for example, has identified the brain 
n apparently defective in people with 
genital amusia, which affects 5 
of some populations. In the October 2006 
issue of Bruin, Peretz, Zatorre, and their 


co-workers showed that on MRI scans, tone- 
deaf individuals had less white matter in the 
right frontal inferior gyrus, an area just behind 
the right side of the forehead, compared to 
musically normal controls. The results were 
consistent with earlier work by Zatorre and 
others suggesting that the right frontal cortex 
is implicated in perceiving pitch and remem- 
bering music. In contrast, language is most 


often localized on the left side of the brain. 


Yet whereas work on musical learning is 
showing progress, “music remainsa mystery 
Peretz says. “The biggest question is what itis 


for.” Researchers hi 


ssted many sce- 
ies might have 


mothers and children (Science. 12 November 
2004, p. 1120). But Peretz is cautious about 
such speculations. Although she has long 
inst claims by researchers such as 
Harvard University cognitive scientist Steven 
Pinker that music is just “auditory cheese- 


SCIENCE VOL315 


NEWSFOCUS | 


cake” with no adaptive function, she conceded 
in a recent review in Cognition that most 
hypotheses about music's role in human evo- 
lution are inherently untestable. “I believe that 
music is in our genes, but belief is not sei- 
ence” —more evidence is needed, she 

Nevertheless, Zatorte says, “Pin 
served as a useful foil” for researchers who 
believe that music serves a unique biological 
role. And one reason for the explosion in this 
research, Zatorre adds, is that “music can 
serve as a probe into just about every mental 
function, including perception, motor per- 
formance, memory, attention, and emotion.” 
In addition, some BRAMS research may 
have practical applicat 


vs. 
has 


ns. For example, 


Musical mind, Robert 


patients learning to speak again after strokes 
‘or other brain injuries do so more rapidly if 
they sing along with another person. Study- 
ing the neural changes that accompany such 
therapies could boost their effectiveness. 
says Peretz, Zatorre says he eventually wants 


to improve the technology of cochlear 
implants so the hard of hearing can listen to 
“Current implants are designed to 
maximize perception of speech,” he says. 
They are not good for music.” 

Although the creation of BRAMS seems 
likely to keep Peretz and Zatorre in the front 
ranks of music neuroscience research, both 
express some nostalgia for the musical careers 
they left behind. Zatorre is thrilled that the 
chapel in the former convent where BRAMS 
is housed has.a working organ. “My dream is 
to do experiments in the moming and play in 
theaftemoon.” he says, Peretzstill has her gu 
tar. “I made my choice.” she says, “but some- 
times I still have regrets.” 

“IMICHAEL BALTER 


music 
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STEM CELLS 


Controversial Marrow Cells 
Coming Into Their Own? 


Despite wide skepticism, Catherine Verfaillie persevered in her research and remains 
optimistic that her MAP cells will one day be useful in therapy 


Catherine Verfaillie of the University of 
Minnesota made a big splash in 2002 when 
she reported in Nature that her lab had cul 
tivated a type of cell with some seemingly 
remarkable properties. Called mul 
nitor (MAP) cells 
from the stromal cells of the bone marrow 
9 turn into 


yotent 


nd derived 


adult pro; 


the cells seemed to be able 
‘most, if not all” cell types. the team wrote. 
And when 


jected into a mouse embryo, 


they appeared to contribute to most 


somatic cell types, ereati 
chimeric mouse. MAP cells were surpris- 
ingly versatile for adult cells, whose fates 


were generally believed to be predeter- 


mined—in fact, they looked almost as 
od as embryonic stem (ES) cells. 
Althot 


claims, the press seized on MAP cells as an 


Verfaillie was cautious in her 


alternative to ES cells, which are controver- 


9 FEBRUARY 


sial bee hem involves the 


destruction of an embryo. Scientists, too, 
were eager to try them out, But in the years 


since, MAP cells have failed to live up to 


expectations. They proved hard to grow, and 


the talk over coffee at meetin 
jicate the Nar 


one could re ure work 

Last month, however, Verfaillie’s cells 
gained fresh attention, In the January issue 
of the J 
group at Minnes 
reported that they bi 


yrnal of Experimental Medicine 


and Stanford Universit 
J used MAP cells to 
rebuild the blood system in mice. The work 
skeptic, Stanford blood 
Weissman, who 
collaborated on the new work. Weissman 
remarkable.” His skepti 


has impressed o1 


stem cell researcher Irving 


calls the resul 
dds, 
se | insisted on very 1 


cism, he ‘makes mea perfect collabo- 


ec rous 


criteria for the experiments. 
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Still a betiever. Veraillie in her Minnesota lab. 


He emphasizes, as does Verfaillie, that 
these cells are clearly not as versatile as 
ES cells. But despite their limitations, they 
could prove to be useful therapeutically. “A 
\ nterest in MAP cells 
by this point. “What our 
paper will help do is get everybody to look 
Others sure it will 
revive interest in MAP cells.” says stem cell 
researcher Paul Schiller of the University of 
Miami, Florida 


of people have lost 


says Weissman 


at it again. sree. “I 


Going to the marrow 
Bone marrow basically contains two types 
of 
and the stromal stem cells that develop into 
MAP cells 


are derived from early precursors in this 


‘em cells: those that give rise to blood, 


bone, fat, muscle, and cartil 


latter population 
Verfaillie’s team stumbled on MAP cells 


more or less by accident when, in trying to 


grow mesenchymal stem cells (a type within 


the heterogeneous stromal cell population), 
they came up with a culture system that 
seemed to select for even more primitive cells 
(Science. 21 June 2002, p, 2126). The tiny cells 
are strictly artifacts of lab culture, requiring at 


30 population doublings before display 


ome of the characteristics of ES cells. 

Verfaillie was not prepared for the 
extreme reaction when she went public with 
her findings in 2002. “Certainly the percep- 
tion on the part of everyone was these cells 
10 do it 


that is, accomplish 


feats hitherto ascribed only to ES cells: 


says David Scadden, co-director of the 
Harvard Stem Cell Institute. But, he says, 
they turned out to be “a very fiddly cell to 


work with.” Even scientists who obtained 


cells directly from Verfaillie couldn't make 
Mareus 
Grompe \t 
Oregon Health & Science University in 
Portland, says he tried very hard but failed 


them perform, For example 


a liver stem cell researcher 


t MAP cells to develop into hepatocytes 
in mice whose livers had been destroyed, 
Verfaillie has retained her high hopes for 
MAP cells, alth 
in retrospect, the original chimera result mi 


icknowledges that 
ht 
We cannot exclude cur- 
rently that that isnot due to fusion” rather than 


h she 


chimerism, she says. Fusion, in which intto- 
with the locals, first 


duced cell types me 
came to scientists’ attention shortly before 
the Verfaillie Nanure paper appeared (Science 
15 March 2002, p. 1989) and ultimately led to 
disillusionment with the notion that adult 
cells were capable of turning into other types 


of cells. Now researchers believe that in 


mag.org 


Stem Cell Candidates Proliferate 


The stem cel landscape is getting crowded. Over the past few years, scien- 
tists have reported a variety of new types of stem cell, from both anima 
‘and human sources, including fetal liver, mouse testes, bone marrow, and 
tumbilical-cord blood. One of the most recent—and widely publicized — 
studies, by Anthony Atala of Wake Forest University in Winston-Satem, 
North Carolina, described the potential of cells isolated from the amniotic 
fluid to differentiate into all three germ layers in vitro and into bone and 
brain cell in live mice (Science, 12 January, p. 170). 

Allthe reports are preliminary, and none of the new cell types appears 
tobe able to duplicate the potential of embryonic stem (ES) cells. Nonethe- 
less, in combination, they may one day become prime players in stem cell 
therapy. A few examples: 

+ USSCs: A group at the University of Dusseldorf in Germany has ident: 
fied a population of ells from human cord blood, which they call USSCS, or 
unrestricted somatic tem cells. They have “many overlapping features with 
‘MAP cells,” they report, differentiating into a variety of tissues in vitro. 

+ EPCs: Douglas Losordo of Tufts University School of Medicine in 
Boston, Massachusetts, is currently conducting a study injecting bone: 
marrow-derived cells called endothelial progenitor cells (EPCs) into 
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patients with angina in hopes of cre- 
ating new blood vessels to the heart. 

MIAMI cells: A group at the 
University of Miami School of Medi 
Cine in Florida has reported a popu- 
lation of “pluripotent” celts from 
human bone marrow that they have 
‘dubbed marrow-solated adult mul- 
tilineage inducible (MIAMI) cells, 
MIAMI cells may complement MAP 
cells, they say, expressing the two 
stem cell markers, Nanog and Sox2, that MAP cells lack. 

Robert Lanza of Advanced Cell Technology Inc. in Worcester, Massachu 
setts, predicts that a variety of different stem cells will prove optimal for dif 
ferent diseases. And in some cases, stroke for example, in which blood ves 
sels and neurons are damaged, more than one stem cell type will be used. 
‘Marcus Grompe of the Oregon Health & Science University in Portland 
agrees that “there's a good chance” that new stem cell therapies will rely 
primarily on non-£5 cells. ES cells are essential research tools, But he says, 
at the current state of knowledge, “I haven't met a single person who 
wasn't leery of them for puting into people.” -GH. 


Multiple progenitors. MAP cells, 
such as these trom rat, are just one 
typeof stem cell under investigation. 


many—pethaps most—reported cases of 
so-called adult cell plasticity, the appea 
‘of cells switching identities wasiin reality mis- 


leading signals from fused cells. 

But Verfaillie and Weissman ruled out 
fusion in the mouse blood paper and say the 
findings are indisputable, The researchers took 
mouse MAP cells and expanded them with up 
to 80 population doublings. They then trans- 
planted them into 28 mice whose bone marrow 
had been destroyed by radiation. Because MAP 
cells are slow to grow and thus Would be una 
to repopulate the blood system fast enowgh to 
save a mouse from dying of ra . they 


also injected blood stem cells 
In the study, reported online 
wary in the Journal of 
Experimental Medicine, the 
MAP cells survived and con- 
tributed to the blood systems 
of 21 of the 28 mice. 

Scientists must now 
understand that_ mouse 
MAP cells can make nor- 
mal blood.” proclaimed 
co-author Weissman, That 
makes them a promising 


i 
Fy 
i 
2@ 
: 
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the population is readily expandable. in con- 
trast to hematopoietic stem cells, which are 
difficult to expand in the lab, But first, he 
says, scientists would have to find a way to 
boost the speed at which MAP cells work, 
perhaps by pushing them to a more 
advanced stage of development before they 
are transplanted. And of course the study 
must be replicated with human MAP cells. 
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Blood makers. MAP cells populate 
mouse lymph node. 


Verfaillie attributes their success in part to 
the development of improved culture condi- 
tions over the past half-dozen years, which are 
resulting in more homogenous cell populations 
with high levels of Oct4, the main marker they 
share with ES cells. Verfaillie, who has been 
‘working at both Minnesota and the University 
‘of Leuven in Belgium for the past year and is 
now settled at Leuven as head of its stem cell 
institute, has also trained a number of groups, 
mainly in Europe, in MAP cell cultivation, 

She says some 30 papers—about two- 
thirds with her as a co-author—h: 
been published on MAP cells, and n 
the works. Last November, 

for example, Felipe Prosper's 
group at the University of 
Navarra in Pamplona, Spain, 
published a paper in Blood 
reporting that MAP cells 
contribute to tissues lining 
the walls of veinsand arteries 
in mice. 

Verfaillicalso believes the 
cells may hold promise for 
mending sick liversand other 
organs. Some cells, she says, 
may “have to commit in the 
the environment in vive may not 
ve the right signals.” She says a half-dozen 
Papers currently in preparation or under review 
will present evidence that undifferentiated 
MAP cells can differentiate to specific cell 
types and be of therapeutic benefit in mi 
Athersys, a biotech company in Cleveland, 
Ohio, is licensed to produce the cells, which 
are patented by the University of Minnesota, 


dish first 


Limitations 

So far, says Verfaillie, what gives her group 
the most trouble is trying to make nerve cells 
and heart cells. Nerve cells are ectodermal tis- 
sue, and “it seems easier to make mesoderm 
endoderm,” she says. And even though 
heart tissue is mesodermal, no one has had 
any luck coaxing MAP cells to function as 
heart cells either. Even in vitro, “Wwe still ean’t 
make cardiac anything, which is strange,” siys 
Verfaillie. Nonetheless, she's more optimistic 
about MAP cells’ ultimate versatility than is 
Weissman, who remains skeptical despite the 
recent blood success. 

It’ still not clear exactly how MAP cells, 
will stack up to ES cells. ES cells are the gold 
standard of pluripotency—which is usually 
defined as the capability of generating all cell 
types in the adult body. There are several 
important markers of pluripotency, namely 
Oct4, Nanog. and Sox2. The ability to form 
benign tumors called teratomas is one of the 
basic tests for pluripotency, as is the 
tion of a chimeric mouse from injecting a si 
gle cell into a mouse blastocyst. MAP cells 
have Oct 4, but they lack both Nanog and 
Sox2. Nor can they form teratomas 
termed them ‘multipotent’ because the 
definitely do not have all the features of 
ES cells” says Verfillie. 

Verfaillie says she regrets the hype over her 
findings, which she seesas “in large part polit- 
ically motivated”—and by no means confined 
to MAP cells. With these and other types of 
stem cells, she says, it is too soon to predict 
where treatments will be found. 

~CONSTANCE HOLDEN, 


nen 
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Limits to the Human Cancer Genome Project? 


ALTHOUGH THE EFFORTS OF VOGELSTEIN AND COLLEAGUES TO DEFINE THE MUTATIONAL 
ly 
g sequences of human breast and colorectal cancers,” 


landscape of two of the most common human cancers (breast and colon) are h 
commendable ("The consensus codi 
T. Sjblom et al., Resi 
challenges facing the Human Cancer Genome Projec 
merits of such hi 


rch Article, 13 Oct. 2006, p. 268), they also put into stark reality the 
HCGP), One wonders about the 


h-cost, low-efficieney, and ultimately descriptive-type 


“brute force” studies. Although previously unknown mutated genes were 


unearthed, the functional consequences of most of these and their actual 
role in tumorigenesis are unknown, and even with that knowledge we are a 
long way from identify 


potentially important 


new therapeutic targets. Screening to identify 
nes in nonh 


possible because of recent advances in transposon-based, unbiased, for- 
ward mut 


renesis sereens with potential for tissue-specific m 
axlva 


sis in mice (J, 2), Th 


.¢ of such a system is that res 
can identify mutations that initiate, cooperate 
by observing the development and pr 


ind mai 


Mouse models of human cancer are traditionally gener. 


tain known genetic changes identified in human cancers. Recent 


studies have demonstrated the power of the reverse, using abnor 


malities detected in cancer mouse models to study previously unknown, syntenic, genetic 


lesions and their significance in human cancers (3, 4). These compa 
approaches combined with unbiased mut 


ative oncogenomic 


nesis screens should provide a list of high- 


priority targets that can then be studied cor 
abnorm 


prehensively for mutations and ept 
lities in human cancer and validated as therapeutic targets. Such appt 
tional and cost sompromise between achievin 
to other worthwhile cancer efforts, 
WEE J. CHNG 

Division of Hematology-Oncology, Mayo Clinic, Scottsdale, AZ 85259, USA. E-mait:dhng.wee@maya.cdu 


be more fective, allowing a better 


major goals of the HCGP and appropriation of fundin 
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IN THEIR RESEARCH ARTICLE "THE CONSEN. 


sus codin 


and complexity of cancer genomes. The 
sequences of human breast and 
colorectal cancers” (13 Oct. 2006, p. 268),T. 


[t]he vast majority of genes 
were not known to be mutated in tumors,” the 
nes, 
ther 
breast or colorectal tumors, and there was 
uniform panel of mutated 
gainst massive DNA sequenc 


Sidblom ef al. present the most extensive tumor harbored 90 1 
data available on sequencing of DNA from 
human cancers. Sequencing of 465 Mb from 
22 tumors yielded 189 cancer-associated 


no gene was consistently mutated in 


nes and reveals the enormous diversity 
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efficient method 
The authors? 
mutatic 


identification. 
atement that “the number of 


lution of human tumors ... is much greater 
than previously thought” ignores a large lit- 
erature on tumor heterogeneity and random 
mutations in huma 

There 


covery of mutated 


cancers (/), 
are important limit 


ions to dis- 
ines by DNA sequene- 
the vast majority of DNA se 
quence alterations are single-nucleotide 


ing, First 


polymorphisms, germline mutations, PCR 
errors, or DNA duplications, More than 
99% of the nucleotide alterations 
observed by Sjablom er al. were 

‘ot somatic mutations, Second, con- 
ventional DNA sequencing do 

not detect nonclonal (random) 
mutations, 


and a consensus se- 
quence is not informative of 
mutations Ale 
and 


single cells. 


though both random. 


clonal mutations could drive 


tumorigenesis, random muta- 


ay also account for 
tumor cell heterogeneity 
metastasis, and dr 
ance (2). Third, expansion of the Human 
Cancer Genome Project must be rigorously 
justified in the contest of diminished fund- 


tions 


»' 


g for the investigator- 


tiated grants that 


are critical fo 


xenerating new approaches to 


improve cancer treatment and prognosis 
LAWRENCE A. LOEB AND 
JASON H. BIELAS 


Department of Pathology, University of Washington, 
Seale, WA 98195, USA 
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IN THEIR RESEARCH ARTICLE “THE CONSEN 


sus codi 


sequences of human breast 
and colorectal cancers” (13 Oct. 2006. 
p. 268), S. Sjablom er al. report an initial 
total of 816,986 puta 
in tumors, OF these 


ive nucleotide chan, 


$7 silent 
changes were discarded as insignificant. A 
second screen uncovered 133,693 changes, 


but we are not told how many were silent 
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The winnowing process, which reduced the 
candidates to 191 changes, would probably 
have reduced the silent mutations propor- 
tionately. An independent screen of malig 
nant gliomas after alkylation therapy found 
26% silent mutations (/). Silent, oF synony- 
mous, mutations are assumed to be non- 
selective. A frequency of about 25° 
expected if mutation is random. The fi 
quency of silent mutations in the Inte: 
national Ageney for Research on Cancer 
database (2) is 4.41%, with a theoret 
5% for random mutation 
using the p53 selection of codons. Justas the 
low frequency of silent mutations in p53 
indicates that this gene is selected during 
tumorigenesis, so their high frequeney in 
this sequencing effort indicates that the vast 
majority of mutations occur randomly and 
are found in tumors.as passengers. This ¢ 
clusion in no way minimizes the importance 
of particular mutations for which the per- 
centage of silent mutations is similar to that 
of pS3. The Sanger Center Data Base, COS- 
MIC, lists a total of 109 silent mutations ou 
of 2335 mutations (4.67%) in eight canes 
related zenes (e.g, CDKN2A, EGER, KIT, 
and RBI) for which more than 100 total 
‘mutations had been recorded. New cancer- 
related genes may possibly be identified by 
methods similar to those used by Sjéblom 
et al, The question is whether massive 
sequencing is an efficient way to uncover 
them against the huge background of ran- 
dom mutational noise. 


BERNARD S. STRAUSS 
Departments of Molecular Genetics and Cel Bology and. 


Radiation and Cellular Oncology, University of Chicago, 
(Qhicago, 1 60637, USA 
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Response 
IMAGINE THAT NO MOLECULAR CANCER RE- 
search had ever been performed before the 
Sjdblom ef al. study on colorectal ca 
cers. In a single stroke, the study would 
have identified all of the consensus coding 
sequence genes now known to play a role in 
this tumor type, including TP53, APC, 
KRAS, SMAD4, FBXW7, EPHA3, SMAD2. 
and TGFBRI. Many other genes not previ- 
ously implicated in colorectal tumors were 
concomitantly discovered to be mutated at 
significant frequencies. These included 
genes that are central to the pathogenesis of 
other forms of cancer, such as GNAS. NFI. 
and RET. The study would also have pro- 
vided unprecedented clues to the pathogen- 


Letters to the Editor 


esis of inherited cancer syndromes such 
as familial adenomatous polyposis. neur 
fibromatosis, Li-Fraumeni syndrome, juve~ 
nile polyposis, and multiple endocrine neo 
plasia. Finally. it would have pointed to 
virtually all the major pathways currently 
known to be involved in neoplasia, Our 
study took less than a year to complete 
(once the technology was developed) and 
cost a tiny fraction of what was actually 
spent to discover a subset of the identified 
genes through conventional means. This 
effort demonstrated that unbiased genome 
sequencing is an extremely efficient way to 
discover cancer genes. 

Chng, Strauss, and Loeb and Bielas raise 
a number of other points in their thought- 
provoking Letters, which we address here. 

1) We have already pointed out that a 
large fraction of the mutations found in can- 
cers were likely to be passenger mutations. 
Although the observed plethora of muta- 
tions may account for the clinical and bio- 
logical heterogeneity of tumors, most of 
them are not likely to be integral to ne 
plasia. Precisely forthis reason, we designed 
a measure (CaMP scores) to rank genes 
via their mutation frequency, taking into 
account gene size and nucleotide context. 
Those genes with the highest CaMP scores 
are the ones of most interest for future 
and functional studies. All of the 
the top 30 


such genes, 
2) Our data strongly support previous 
results indicating that most human can 
have a mutation rate that is similar to that 
observed in normal cells (/). A small frac~ 
tion of cancers have higher mutation rates 
because of mismatch repair deficiencies. 
Such cancers were excluded from our study 
because mutations in these tumors are more 
difficult to interpret 
) Our study was designed to identify 
those mutations that may drive tumorigen- 
esis, i.e., clonal mutations. Such mutations 
have been shown to be directly responsible 
for tumor progression and are the only 


cones known to be useful as diagnostic and 
therapeutic targets. Once clonal mutations 
are identified in late-stage or therapy- 
resistant tumors, it could be useful to 
search for such alterations in earlier stage 
clinical samples wherein they may be pres- 
ent in a small fraction of tumor cells, 
However, genome-wide identification of 
alterations present in small tumor subpop- 
ulations is neither feasible nor desirable at 
this time. 

4) Sequene 
funct 


ter studies are essential to reduce 
¥y and mortality from cancer. But 
sequencing studies can guide functional 
studies by focusing them on genes that are 
likely to play a role in human cancers. We 
have demonstrated that such genes can be 
identified by relatively simple and inexpen- 
sive sequencing methods. As technology 
improves, such sequencing will become 
even more cost-effective, To turn the proc 
on its head by trying to identity 
important in human cancer through fune~ 
tional studies, followed only later by sequenc- 
ing, would be substantially more costly and 
less comprehensive. 
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University of Maryland School of Medicine, Baltimore, MD 
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Gene Expression and 
Ethnic Differences 


IN HER ARTICLE “IN ASIANS AND WHITES, GENE 
" (News of the 
eek, 12 Jan., p. 173), J. Couzin explains 
that recent research has demonstrated that 
there is significant variation in gene expres 
sion in Asians and whites, although provid 


ing the disclaimer that “[gJenetic variation 
among races, long a political hot potato, 
has also been a scientific puzzle.” Indeed, 
anthropologists and geneticists alike have 
been keenly interested in determining just 
\what makes us different at the genetic level. 
The problem is how these differences are 
conceptualized, After decades of discussion, 
\we are still left asking: what is a race? Race 
istruly a biological and taxonomic problem, 
not simply a sociological problem as many 
have angued. Now, it should be asked, wha 
does it mean to say that gene expression 
varies between “Asians” and “whites.” In the 
context of this research, 
either Japanese or Chine 
pooled together. The term “whit 
interchangeably with “Caucasian” and people 
of “European descent,” This imprecise use 


CORRECTIONS AND CLARIFICATIONS 


Brevia:Ancent noncoding elements conserved in the human genome" by 8. Venkatesh et al. (22 Dec. 2006, p.1892).table $1 
‘should have been indudes in the Supporting Online Matera (SOMD, rather than posted on the author's Web ste. Table $2 
inludes the coordinates of the conserved noncoding sequences within the elephant shark genome andthe coresponding coor 
dinates in the human genome, The elephant shark sequences (14x coverage) have been deposited at DOBYEMBLGnBark 
under the project acesion AAVKDOOO0O0O. The version described inthis pape ithe ist version, AAVKO3000000. The authors 
‘have also submitted the traces ofthese sequences to the Trace Archive at the NCBI. Tables 58 and $9 should aso have been 
Included inthe SOM, andthe following statement should have been added tothe acknowledgments in reference 8: “The 
‘sequences ofthe human and elephant shark noncoding elemerts ar in Tables 8 and 9.” Tables S1, $8, and $9 are now aval 
ablewith the SOM at worn sciencemag.or/cqicontertful/314/5807/1892001. 


Research Articles: “he genome ofthe se0 urchin Songyocenrotus pupurctis" by Se Urchin Genome Sequencing 
Consortium (10 Nov. 2006, p. 941). On pages 951 and 952, ertors were mae in renumbering author afiations Some 
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tions, then individuals alphabetical: P its, M.]. Landrum, 0. Maglot, K Pit A. Souvorov, National Center for 
Biotechnology Information, National ibrar of Medicine, Bethesda, MD 20894, USA. 0. Fedrgo, A. Primus, R. Sai, 
Department of Biology an Institute for Genome Sciences and Policy, Duke Unversity, Durham, NC 27708, USA. Nikki 
‘Adams, Biology Department, California Polytechnic State Univesity San Lis Obispo, CA 93407, USA. .Fyzans 
Department of Biology, University of Patas, Patras, Greece, andthe Department of Molecular and Cella Biology, 
Baylor College of Medicine, One Baylor Plaza, Huston, TK 77030, USA. B.€, Galindo, Biotechnology Insitute, 
Universidad Nacional Autnoma de Mexico UNAM), Cuernavaca, Morelos, Meso 62250}. V.Galdtone, Department of 
Molecular, Cellular, and Developmental Bilogy, University of Cabtoria, Berkeley. Berkeley, CA 94720, USA. G 
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Melt, Center of Marine Botechnology, Univesity of Maryland Bitechnology Institute, Columbus Center, Baltimore, 
‘MO 21202, USA.) Song, Department of Molecular and Cellar Biology and Biochemistry, Brown Unversity, Providence, 
£1 02932, USA. D.P.Tewilige, Deparment of Bilogkal Sciences, George Washington University, Washington, OC 
20052, USA. A. Wiramanayake, Department ofZology, University of Hawai at Manoa, Honluls, Mi 96822, USA. 
Reports “Dec mesurement ofthe ul sequence dependent folding andsape ofa ruc ai" by MT. Woodie a 
(G0 Nox, 200, p. 1003). On page 3002 thee in ig 2¢ incre: Inthe legend for ig 2 the esrptions ofthe clr 
backs shoud rend, “Dstnc rom Fto Uae), Fo tbe, ard to ed plted vers the mismatch ation” The air 
pin sequence shown in Fig. 3C sab income. The corrected Fig 3Cis shown ere. 


C 03. 0.01 3x 
? ia 
og B 
5 210 
8 
= 6 
10 2030 t] 7" 2 90 
Extension (nm) Extension (nm) 


News Focus: “ruth and consequences” by]. Couzin (1 Sept. 2006, p. 1222). Due toan editing eto, the sentence on page 1223, 
“Kuersten ad Padila talked for about an hour and together examined the papers ted in the proposal was ncoced. should 
hhave read, “Kuersten and Padila talked for about an hour and together examined the pages ofthe proposal” 


of language further adds to the problem of 
not being able to accurately describe or clas- 
sify the reference population. Who do these 
people represent? Certainly, both Asia and 
Europe are very large and diverse conti- 
nents, both socially and biologically. The 
difference in gene expression between the 
Japanese and Chinese subjects cited in this 
report demonstrates that variation occurs 
not only on a continental level but also 
locally. which is indicative of patterns of 
ethnic variation rather than racial variation, 
‘We should not simply be asking how human 
groups vary in terms of genetic composi- 
tion, but how those groups vary in terms of 
the social and biological processes that ere~ 
ated them, 


MICHAELS. BILLINGER 
‘Edmonton, Canada. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Obestatin, a Peptide 
Encoded by the Ghrelin Gene, 
Opposes Ghrelin's Effects on 
Food Intake’ 


N. Chartrel, R. Alvear-Perez, J. Leprince, 
X, Iturrioz, A. Reaux-Le Goazigo, V. Audinot, 
P. Chomarat, F. Coge, O. Nosjean, 

'M. Rodriguez, J.P. Galizzi, A. Boutin, 

H. Vaudry, C. Llorens-Cortes 


Zhang et al. (Research Articles, 11 November 2005, 
p. 996) reported that obestatin, a peptide derived 
from the ghrelin precursor, activated the orphan G 
protein-coupled receptor GPR39. However, we found 
that P2-obestatin does not bind GPR39 and observed 
fo effects of obestatin on GPR39-transfected cells in 
various functional assays (cyctic adenosine monophos- 
phate production, calcium mobilization, and GPR39 
‘nternatization). Our results indicate that obestatin is, 
not the cognate ligand for GPR39. 

Ful test at won.sciencemag.org/cgicontenvful/3155813/ 
766 


ResPONsE To COMMENT ON “Obestatin, 
‘a Peptide Encoded by the Ghrelin 
Gene, Opposes Ghrelin’s Effects on 
Food Intake’ 


Jian V, Zhang, Cynthia Klein, 
Gen Ren, Stefan Kass, Luc Ver Donck, 
Dieder Moechars, Aaron J. W. Hsueh 


‘We cannot reproduce our original findings on obestatin 
binding and activation of GPR39 receptors in vitro, 
However, we can reproduce our original findings on the 
in vivo effects of obestatin in mice (decreases in food 
Intake, gastric emptying respanses, and body weight 
‘gain) under precise experimental conditions. Further 
studies are needed to reveal the exact relation between 
‘bestatn and the G protein-coupled receptor GPR39. 
Ful text at mn.sciencemag.org/egicontenvfull3155813/ 
7666 
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Contemporary 
Poetry and 
Conten 
Science 
Aobert Crawtord, Ed. 
Oxford University 
Pross, Oxlord, 2006, 
280 pp. $35, £19.9 
ISBN 978019925812 


POETRY 


Metaphors Be with You 


Diane Ackerman 


I fesen ene 
The Two Cultures (1) to read—a 


ned C, P. Snow's 


fitting choice given the reality of academic 
life at US, colleges, where students (however 


wide-ranging and combinable their interests) 


had to choose between the sciences and 
the humanities. Fascinated by psycholo 


and the flourishing field of neuroscience, | 
jor inbio 
But whe 


nded to m 
psychol 


L transferred colleges 


a year later, 
mista 


porary a computer 


nly placed me in 
English, Because I had 
been writing poetry shyly 
ally all 
I considered 


but enthusia 

my life 

it fate 
By the time I started 


gradhate workatComell, 
ed, Students still had to choose 


little had chang 
between poetry and science, and, if anything 
wr. Physicist Richard 


the divide seemed 


Feynman declared that the universe could 


only be understood in the la nathe- 


cof 
n argot I didn't speak. The literary 
critics I met regarded science as antithetical 
A ren 
aside one day a 


matics, 


wned 
n 


both to art and genuine feelin 
scholar took m 
“What's a nice girl like you doing writ 
about amino acids?” 

Thad been listening to Gustav Holst’ The 
Planets, enchanted by its lyrical flights, but 


id 


also puzzled by our apparent need to im 


ine 


Venus as a goddess of love or Mars as the 
bringer of war in order to find them eapti 
ing, when the physical reality of the planets 
offered artists and scientists alike startling 
new views of what we summarily call nature: 


a cornucopia of picturesque landscapes, fresh 
metaphors, and elemental novelties ripe for 


wordplay as well as a gradually widen 


aperture of belief in what surprises still lay 
hidden from view just over the next fence post, 
underfoot, or in orbit. A great fan of the uni- 
verse, Which I took literally, as one verse. 1 


decided to write a suite of scientifically accu- 
rate poems about the planets. And, since I'd 
been reading Metaphysical, 
ancient Gr 


k poets, among others, who 
embraced the revelations of science in their 


The reviewer isthe author of An Alchemy of Ming: The Marvel 
‘and Aysery of the Bain, Web site: win ianeackerman.com 


work, I chose a Ph.D. disserta- 
tion on the metaphysical mind 
in science and poetry, as one of 
the fascinating ways that the 
mind works. 

That was in 1972, the last 
time when it was possible to 
am everything known about 
the planets. (The best NASA 
photo of Pluto was a tiny ball 
‘of light with an arrow point 


to be my technical adviser 


on The 
Pastoral, as well as a mem- 


Planets: A Cosmic 


ber of my doctoral committee, 
which also included the poet 
A. R. Ammons. With that duo 
running interference for me 


I was able to pursue studies 
in poetry and science, pore 
‘over NASA photos and maps, 
attend planetary flybys, and 
the 


audit lectures in the so- 


called sciences (I regarded 
it all as nature)—while 
fees in creative writ 
ing and English literature. 
Such memories. arrived 
uunbidden as [read Contempor 


ary Poetry and Contemporary 
Science. The volume is an off 
spring of a project that began 
with a group of poets at the 
1998 Edinburgh International 
Festival and led to 
ist encounters, 


Science 
poet-se 
‘often over lunch or in a lab. 
with the goal of a“meaningful 
interchange between poetry 


and science: 
Is that interchange really 
still a frontier? On many cam- 


puses, in part because 
departments have become may 
oshka dolls of subspectalties, 
Where one usually prospers by 
narrowing the view. But lessso, 
| think, in society in general, 


here scientists and humanists 
often meet at the crossroads 
of necessity to discuss new 

rocthies, contempks 
science. the sense and sensi 
bility of animals, or stem cell 


ve neuro- 


of Space. 


g.org SCIENCE 
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Sandi Ritchie Miller's Ocean 


research, amor 


other topics. Popular sciene 


television programs, science cafés, and inter- 


disciplinary books haveall helped to bridge the 
‘cavernous mir 

This most recent offering begins with im- 
munologist and poet Miro- 
slav Holub distinguishir 


ional passion of 


science from the emotional 


bogsand dreamy mindseapes 


of poetry, Holub is “aston 


ished hy the frequent inci 


dence of failure at high 
school (or failure at unive 


sity) that features in the 


biographies of poets.” He 
insists that “a scientist 


should be and must remain 


a scientist,... He is the 


member of the intellectual 
community who still has a 
deep and visible impor- 
ve for the society and its 
everyday life." That's bound 
toruflle some fe 
Poet Edwin Monin offers 
a smart, fa 


an antidote 
ranging essay that touches 
‘on Lucretius’ phenomenal 
eye, Goethe's study of opties, 
Shelley's 
electric shocks to see if his 
hair would stand on end 


(it did), Leopardi pawing 
distant galaxies, and Philip 
Larkin once declaring that 
he couldn't “stand anything 
to do with the wonders of 
ure,” among many other 
topics. In an imaginary dia- 


logue (originally written in 
1957) between neurophysi- 
ologist Grey Walt 
filmmaker Jean Cocteau, 
Morgan has Cocteau d 


and 


seribe poetry as “an act 
of love with an angel in 
a darkness for the 
searchlight of a question.” 
Walter's reply includes the 
observation that “Machines 
can be persuaded to stumble 
on dreams—Except that 
it isn’t stumbling and they 
aren’t dreams 
Other engaging essays 
follow. studded with witand 
humor. Because they ben 
fit from many digressions, 
's hard to epitomize them, 
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but I'l choose a few saliences to suggest their 
range of thought. Poet W. N. Herbert asks, 
“Can poets write meaningfully about science, 
or are they instead limited to writing poetry 
that employs scientific terminology?” Poet 
John Burnside champions the “beauty of the 
real. The starlit darkness ofthe actual night, 
the salt and physicality and achieved grace 
of real bodies.” Without "necessary awe,” he 
\writes, any description of the world isa lie 
Poet Simon Armitage defines science as “an 
‘ongoing refinement of metaphor. There is no 
such thing asa molecular structure, only alittle 
model of Ping-Pong balls held together by 
pipe-cleaners to help us believe in it” Literary 
critic Adalaide Morris considers both science 
and poetry as thought experiments and rea- 
sons la Einstein that “[i]tis the theory which 
decides what we can observe,” Astronomer 
Jocelyn Bell Burnell writes with elegant 
enthusiasm about poems recruiting space 
imagery and how poetry healsand enriches the 
‘many strata of her life. Reflecting on her col- 
lection of *120 or so astronomy poems” writ- 
ten since 1950, she wonders why poets seem 
to avoid the new wavelengths (few refer to 
radio telescopes, none to X-ray astronomy), 
Her essay provides a superb guided tour of 
astronomy poems, pausing insightfully at 
many ports of ell, 

Psychiatrist Kay Redfield Jamison asks, 
“Can a writer’ life and work really be under- 
stood without at least rudimentary seientifie 
understanding of emotions, tem- 
perament, cognitive psychology, 
and genetics?” Reatizing that 
Milton, for example, could write 
“All Hell broke loose” because he 
knew exactly where Hell lay, hay 
ing sent his wife and daughters 
there often enough, might just 
bias one’s reading of Paradise 
Lost, which would be a shame, 
And yet, how dare we ignore the 
underlying moods? This question 
has fueled many polite (and impo- 
lite) literary quarrels. How does 
one savor Bruno Schulz’s phantasmagorical 
proseand Chagall-like paintings, for example, 
and completely ignore the dominatrix obses- 
sions of his artworks? 

In ll, 21 essays by scientists, poets, and 
crities and a handful of poems fill out this 
entertaining and illuminating volume. As the 
stepchild of brief encounters, Contemporary 
Poetry and Comemporary Science, rettesh- 


decorum, but offers contingency samples 
from a frontier that, happily. is much more 


hospitable than it used to be. When eybemneti- 
cist Kevin Warwick (who once had a silicon 


chip transponder implanted in his arm) read 
poet Michael Donaghy’s poem “Grimoire.” he 
felt that “Through Michae!’s words I was able 
to look at myself in a ten-dimensional space.” 
That's a wide berth, fit equally for string the- 
ory or ballade. 


Reference 
1. CP-Snow The fro Coltres andthe Scientific Revolution 
(Cambridge Univ. Pres Cambridge, 1959). 
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HISTORY OF SCIENCE 


Franklin’s Civic 
Science 
H. Frederick Dylla 


(J), the National Academies set 


‘last year’s Rising Above the Gathering 
Ston 
hat the 


forth a strat 


for ensuring 


United Statesis the premier place in the world 
for innovation.” | often think that an important 
component of suacess is to have a clear vision 
‘of American science’s past. Another book 


from 2006 offers a look ba 
enable sucha look forwa 
The First Scientific American. 
Franklin and the Pursuit of Genius. 
Franklin “is currently celebrated as an 
American statesman ora Founder, 
‘a politician who happened to 
do a little science on the side.” 
writes Chaplin, a Harvard Uni- 
versity historian of science 
Then she notes something of 
interest in our current age when 
science and the rest of society 
often seem poles apart: “But 
that description puts the cart 
before the horse. Franklin was 
not a statesman who did se 
ence. He became a statesman 
because he had done scienc 
And he was able to do so because, in the 
eighteenth century, science became part of 
public culture 


that may help 
I: Joyce E. Chaplin's 
Benjamin 


s and demonstrations were 
public events.” Chaplin comments. The term 
scientist was not coined until the 19th century. 
‘and many citizens from all professions had a 
hand in advancing and appreciating scientific 
knowledge. For his famous electrical experi- 
ments, Franklin collaborated with a lawyer 


The reviewer i at the American institute of Physics, One 
Physics Elise, College Park, MD 20740-3843, USA. 
Ema dlla@aip.org 


(Thomas Hopkinson), a silversmith (Philip 
Syng). and a Baptist minister (Ebenezer 
Kinnersley). In contrast to the polarization too 
‘often seen nowadays, how reffeshing to think 
‘of “[mlembers of the clergy preach[ing] the 
new philosophy of nature 

Franklin's fame as a scientist comes from 
his legendary demonstration that lightning is 
electrical and from experiments that led to the 
principle of charge conservation. Chaplin's 
book, however, presents a many-<lecades-long 
example of something that might be just as 
important: how science and the rest of culture 
once interpenetrated deeply. 

Chaplin also illuminates the whole spec- 
trum of Franklin’ scientific and technologi 
achievements and activities, Her account 
demonstrates why Franklin became an inter- 
national celebrity. The book delves into work 
that often goes unmentioned in popularized 
stories about Franklin and receives only slight 
attention in other biographies. In addition 10 
covering Franklin's investigations of electrie- 
ity, Chaplin offers excellent accounts of, for 
example, his interest in and studies of ocean 
currents and navigation (as in his description 
of the Gulf Stream) and his observation of the 
dispersion of oil on water (which amounted to 
an early entry into the field of monolaye 
films). She also documents Franklin’ exten- 
sive considerations of heat flow, which have 
centered popular memory through the inven- 
tion of the “Franklin” stove 

Chaplin chose excellent figures that illumi- 
nate Franklin's scientific contributions—such 
as his maps of the Gulf Stream, an assembly 
diagram for the Franklin stove, and his musical 
instrument (the “glass armonica")—as well as 
the evolution of portraiture depicting him as a 
man of science. Unfortunately, many of the 
itlustrations are poorly reproduced, and some 
are nearly illegible 

Anyone, including any scientist, who 
writes book as wide-ranging as this one risks 
the occasional technical or sciemtfic error, 
and Chaplin is no exception, But the few, 
minor inaccuracies in the book do not distract 
from her elegant demonstration of the unity 
of Franklin’s scientific and civic activities 
or from that demonstration’s ability to pro- 
voke thoughts about fiture science, Moreover, 
Chaplin's diverse, eclectic, extensive mix of 
research sources suggests many years’ worth 
of usefil and enjoyable further reading. 


Reference 
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SCIENCE AND SOCIETY 


Time for a New Era of 
Science Diplomacy 


Kristin M. Lord! and Vaughan C. Turekian?* 


cience diplomacy has played an impor- 
S= ifunderppecated rol in US 

foreign policy over the past 50 years 
During the Cold War, the development 
of organizations such as the International 
Institute for Applied Systems Analysis and 
scientific exchanges between American and 
Soviet scientists provideda critical connection 


between adversa 


ago, robust sci i! 
United States and China laid the groundwork 
for a relationship that has grown increasingly 
omplex (2). In recent years, s 
tific engagement has been a clear signal of 
friendship between the United States and 
countries such as India, Egypt, and Pakistan, 
with high-level participation from the diplo- 
“ommunities in both countries (3) (see 
e,Fight) 

Itis time to adopt science diplomacy fora 
new ena, Oliefashioned diplomacy betwe 
governments, while necessary, is no lon, 
ent, In this age of the Internet, rapid and 
relatively low-cost travel, and 24-hour global 
news, the power of nongovernmental ongani- 
zations (NGOS), 


deep and 


private companies, and social 
To protect and advance US. 
interests, the US. government needs to accel- 
crate its engagement with these new actors and 


to build positive relationships with foreign 
publics, as well as their diplomats. 

(S&T) offer a 
entry point for engaging citizens 


Science and technolog; 
promising 
and civil society organizations worldwide. An 
opinion piece on the op-ed page of the 
Hashington Times called on the US. govern- 
‘ment to recognize the opportunities afforded 


by widespread respect for American S&T (4) 
We concut. But without the engagement and 
commitment of the U.S. scientific commu- 


nity, the government cannot succeed 


Why Diplomacy Through Science? 

Nearly 4 years ago, the United States entered 
a complex and difficult war with Iraq, Since 
then, global public opinion 


FEUiott School of international Affairs, The George 
Washington University, Washington, OC 20082, USA. 
*chie international afier, AAAS, Washington, DC 20005, 
USA 


“author fr correspondence: turekin@aans.org 


S&T make good diplomacy. Secretary of State Condoleezza Rice 
exchanges documents with India’s Minister of Science and 
Technology, Kapil Sibal, afte signing an umbrella S&T agreement, 


17 October 2006. 


United States has reached all-time lows. Polls 
that only 40% of 
those surveyed view America’s influence in 
the world as mainly positive. In contrast, 45 
view China positively and 38% hold favo 
able views of Europe. Dislike of America 
ime friends and allies. Only 
ans, 21% of Gen 


33 countries indi 


extends to lo 
30% of C 
15% of Turks hold favorable opinions of the 
United States (5). 

Readers may ask why this matters if the 
US. government is charged with protectin 
USS. interests, not winning popularity contests 
‘overseas. The answer is th 


increasingly. our 

terests depend on the support (or at 
east acquiescence) of fo 
Negative images of the United States translate 
directly into constraints on American inth 
cence and ability to implement policy 

Engaging foreign citizensis the goal of pub- 
lic diplomacy. As the 9/11 Commission report 
(6) underscored, engaging foreign public opin- 
ion is vital to winning the global struggle of 
ideas. President Bush clearly agrees, having 
appointed one of his closest advisers, Karen 
Hughes, to the position of Under Secretary of 
State for Public Diplomacy and Public Affairs 
in 2005. Despite this high-level attention, bow- 
ever, promoting America’s im 
tinues to be a daunting task, particularly in pre- 
dominantly Muslim countries 

In our view, public diplomacy is most 
effective when exercised through deeds rather 


overseas con- 
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Scientists are among America’s most effective 
diplomats. 


than words, The U.S. government 
should focus on doing things that 
Positively affect foreign societies 
and speak to what we stand for as 
anation, We should faster tangible 
initiatives that promote education, 
economic growth, human well- 
being, and hope 

If'we understand public diplo- 
macy in these terms, the role of 
S&T is pivotal, Scientific educa 
tion creates citizens with the eriti- 
cal thinking skills necessary for 


successful participatory governance 
and competition in the global 
economy. S&T are linked strongly 
with economic development (7). 
Zogby public opinion polls in sev- 
ail Middle Eastern nations, where 
the United States is particularly unpopular, 
indicate that S&T are the single n 


ence re that collaboration to 
solve common problems is one of the best ways 


to foster positive relations between groups (9), 


Under Secretary Hughes. increasingly 
appreciates the unifying power of science (10), 
She held major events on breast cancer aval 
ness in the Middle East and has launched 
project on fighting malaria (//), She has ere- 
ated new International Science Fulbright 
awards and supported activites, led by Under 
Secretary of State for Democracy and Global 
Affairs, Paula Dobriansky, to cultivate net- 
Works of women scientists and engineers (2), 

Yet, in an era where international skepti- 
ccism about US. foreign policy abounds, gov- 


ernment can only do so much. Ultimately civil 
society—including scientists and engineers- 
will need to join in this diplomacy of deeds in 
‘order for the new science diplomacy to suc- 
ceed. The fact that science is, and should 
remain, outside the realm of politics only 
makes scientists better suited for this task 


How can the US. science community con- 
tribute to science diplomacy and remind the 
‘world that Americans are defined by more than 
specific US. government policies? Individual 
scientists can contribute by realizing that they 
are valuable ambassadors of goodwill. They 
intensify their global activities and promote 

wgement with counterparts world- 


9 FEBRUARY 2007 


769 


| POLICYFORUM 


wide. They can increase the! 
efforts to invite foreign peers 
to review sciemtifie articles and 
papers. Senior US. researcher 
can use their own intemational ne 
‘works, including former students 
and postdocs working outside of 
the United States, to reach out to 
junior scientists in other cou 


tries, to collaborate with peers, 
and to promote broader interna- 
tional cooperation, US. scientists 
should make a special effort to 
engage with scientists from coun- 
tries where the United States is misunderstood 
oF disliked—not to justify or promote any gov- 
policy, but to build bridges and trust 
emore with university students 
eral public overseas, not just other 
and let them know how scientists 
ns make a collective differ- 


Technology, 
January 2007, 


scientist 
from all nat 
ence in their lives. In so doing, U.S. scien- 


tists will make the world a better place, 
and perhaps improve foreigners’ views of 
America along the w 

Scientists can also encourage their univer- 
sities, research institutions, professional sc 
«ties, and laboratories to adopt global engag 
ment as a priority. Although a large sum 
of individual efforts is important, effective 
tglobal engagement will be most influential if 
it engages whole organizations as well. Many 
of the major US. scientific and engineering 
societies already have specific offices or ini- 
tiatives dedicated to international cotlabe 
tions. To give just one example, in January 
AAAS joined the U.S. Department of Stat 
the Kuwaiti government, and a Kuwaiti si 
ence NGO to convene a conference in Kuwait 
City to promote networks of women scientists 
and engineers in the broader Middle East (see 

igure above). AAAS has also recently started 
a pilot program that remotely links U.S, 
researchers with university-level science stu- 
dents in developing and emerging countries in 
order to share and discuss seminal papers 
across a range of scientific disciplines (13) 
Yet. despite current efforts, scientific ongani- 
zations can do more. 

OF course, all this assumes that scientists 
and engineers are willing to be ambassadors 
and to participate in the new science diplo- 
macy. Why would they? The answer is thre 
fold. First, while science holds great benefits 
for diplomacy. diplomacy also benefits sci- 
ence. For instance, in lange-seale programs 
such as International Thermonuclear Experi- 
‘mental Reactor (ITER) (/4), scientists from 
‘major powers such as China, India, Russia, 
Korea, Japan, the European Union. a 
the United 
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International Conference on Women Leaders in Science, 


and Engineering; Kuwait City, Kuwait, 8 to 10 


unprecedented international agreement to 
develop fusion energy. Moreover, diplomacy 
can create opportunities to conduct research 
in parts of the world critical to scientific 
idvancement, Scientific research ranging 
from astronomical observation in Australia to 
archaeological research in Libya depends on 
broader access, as well as diplomatic support 

Second, the health of the US. scientific 
‘community depends on the continued willing- 
ness of foreign scientists and students to come 
to the United States for study, research, and 
work. Visa difficulties, combined with a per- 
ception that the United States does not wel- 
come foreigners, reduced the number of for- 
eign students coming to the United Statesafter 
9/11. This trend is beginning to reverse, but 
negative perceptions persist and itis important 
toremain vigilant. The US. economy benefits 
greatly from foreign scientists and science 
(Z5), We must ensure that the United States 
remains tractive and welcoming, 

Third, scientists are citizens. Like their 
counterparts outside of the scientific commu- 
nity, many seientists and engineers share con- 
cerns about negative perceptions of the 
United States. The good news is that se 
tists have some ability to change those per- 
ceptions for the better. 


sn- 


The Way Forward 

Who should lead a renewed effort toward sci- 
ence diplomacy? Unfortunately, there is cur- 
rently no ideal US. government agency to 
lead a sustained effort. Technical agencies, 
such as the Department of Energy. National 
Institutes of Health, and National Aeronautics 
and Space Administration are (not inappropri- 
) focused on their core missions and 
interested in international collaboration to 
the extent it advances those missions. The 
National Science Foundation has a broader 
‘mandate than these agencies, but NSF's goal 
is to foster basic research. Consequently, its 
international activities are designed to address 
specific research questions. The Department 
Of State is designed to focus on diplomacy— 


but, unfortunately, is not well equipped to 
engage in science diplomacy. With limited 
resources for S&T cooperation, limited scien- 
tific expertise, and pressure to focus on the 
day’s crises rather than long-term engag 
‘ment, the department's efforts must be com- 
plemented by the work of other agencies. 
Unless those resources inerease dramatica 
Which we do not believe is likely, the Depart- 
‘ment of State will need much more support in 
the area of science diplomacy 

Its time for the scientific community to 
increase its role in diplomacy—and maybe 
ceventtake the lead. Nongovernmental scientific 
‘organizations are more eredible, more nimbk 
and—as honest brokers—in many eases more 
respected than the U.S. government overseas. 
They work at the grassroots level on global 
problems such as energy, clean water, and 
health. A vigorousnew science diplomacy, or 
ented to foreign citizensas well as their govern- 
ments, will promote human well-being, will 
benefit science, and will eatalyze public diplo- 
macy. Our country needs a new ent of science 
diplomacy, and we need the commitment of the 
US. science community behind it. 
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BIOPHYSICS 


Antennae as Gyroscopes 


s need to detect unwanted 
F rt of thet own bots, 30 
that they can make any necessary cor- 
rections to restore the status quo. They need 
to know, for example, when their flight is 
disturbed by an eddy in turbulent 
or by an imperfectly executed wing beat 
Dragonflies depend on sight for this infor- 
mation, That works well in bright daylight 
but would not be satisfactory in near-dark- 
es cannot provide precise 

information quickly in dim light, Moths 
active at night need information about 
unwanted movements to maintain flight sta- 


R. MeNeill Alexander 
lying inses 
move 


hess be 


bility, especially when hovering to collec 
nectar from flowers. On page 863 of 
this issue, Sane and colleagues (I) 
explain how a hawk moth senses its 
‘own rotations, 

These researchers found that the 


moth’s movement-detection system 
depends Largely on the Coriolis effect, 
Which keeps spinning gyroscopes sta- 
ble. This effect is an apparent deflec~ 
tion of an object viewed ina rotating 
frame of reference, seemingly attrib- 
utable to an apparent force. We 
ady knew of the importance 
of Coriolis forces for dipteran 


flies (house flies, mosquitoes, ete.) 
Instead of having four wings like 
other insects, dipterans have only 
two. Their hind wings have been 
reduced to tiny club-shaped halteres 
the figure) that beat at the 
same frequency as the fore wings. 
I their halteres are cutoff, these flies 
become unstable in flight and soon 
crash to the ground, Pringle (2) explained 
how Coriolis forces on the halteres inform 
flies of rotations of their bodies, enabling 
them to fly stably. Sane er a. now find that 
hawk moths can do this with their antennae 
although detection of aerodynamic as well 
«a8 Coriolis forces may have a role. 

In the diagram, a rod representing a 
fly's body is rotating with constant angular 
velocity in the plane of the page. At the 
same time, 3 haltere hinged to the rod moves 
in a plane perpendicular to the paper. As the 


(se 
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rod rotates from position I to position 3, the 
haltere swings from one side of it to the 
other, with constant angular velocity rela- 
tive to the rod. Although both angular veloc- 
are constant, the haltere has Coriolis 
tion, perpendicular to its plane of 
movement. Two effects contribute to this. 
First, the speed of the haltere is increasing 
as it moves further from the rod’s axis of 
rotation, Second, the haltere’s path curves to 
‘one side, as shown by the arrows. Coriolis 


forces must act on the haltere to give it these 
sponents of acceleration 
When a rotating-mass gyroscope is dis- 
turbed. the heavy wheel rotating at high 


Corson cre | 


- oe? 
Haltere @— ‘ 
speed strongly counteracts the distui 


bance. In contrast, the Coriolis forces on 
halteres are tiny, far too small to stabilize 
the fly directly. Instead, they cause slight 
bending of the stalk of the haltere, which is, 
detected by sense organs. which in turn 
stimulate the fly to make the necessary 
adjustments to its wing beat 

Strepsiptera (tiny 


rasitic insects) have 


reduced fore wings that seem to work like 
halteres (3), but we did not know until now 
whether other insects use Coriolis forces to 
sense rotations. In their report, Sane and col- 


on the same principle in hawk moths. Like 
most other insects, moths have four wings 
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Moths use their antennae as part of a motion 
sensing system that ensures stable flight 


and no halteres. They use theirantennae inthe 
\ay that flies use halteres. High-speed films 
of moths hovering in front of an artificial 
flower showed that the antenne vibrate at the 
‘wing beat frequency (about 27 Hz), When the 
the moth tracked 
its movements, and small deflections of 
the antennae, attributable to Coriolis forces, 
could be seen in the films, Separate eleetro- 
physiological experiments showed that sense 
‘ongans at the bases of the antennae were sen- 
sitive enough to detect these deflections 

A simple experiment confirmed the im- 
portance of the antennae for stable flight 
Intact moths hovered well in the flight cham- 


flower was made to sway 


nt hank oth 
iyoles pias 


Detecting rotations. (Top Left) A dipteran fly, which 
uses its halteres, and (top right) a hawk moth, which 
uses its antennae for rotation sensing during flight. 
(Bottom left) Diagram shows three positions during 
fotation ofan insect and the Coriolis acceleration on the 
haltere or antenna: 


ber, but if their antennae were amputated 
near their bases. the moths were far more 
likely to crash to the ground or collide with 
the wall. When the antennae were glued 
back on, the moths” hovering ability was 
s had 
been severed, so the sensory information 
must have been provided by the organs at the 
bases of the antennae, 

Animals need three-dimensional infor~ 
mation about rotations, Vertebrates get this 
from three se 
One 


largely restored. Axons crossing the © 


circular canals in each ear. 


ight expect each canal to be sensitive 
fo rotation in its own plane, but the situ- 
ation is not quite so simple (4). Nevertheless, 
set of three canals is sufficient to sense any 
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rotation, One might not expect two halteres, 
ortwoantennae. to be capable of distinguish- 
ing three components of rotation, but they 
can, for a rather subtle reason, 

The spectrum of Coriolis forces has peaks 
at the frequency of the haltere beat and at 
twice that frequency, and the relative magni: 
tude of the peaks depends on the plane of 
rotation of the body. Thus, the sense organs in 
the stalk of the haltere experience a mix of 
two frequencies of mechanical stimulation, 
which changes as the plane of rotation 
changes, enabling each haltere to distinguish 
mponents of rotation, The third possi- 


ble component (in the plane of the haltere’s 
beat) generates no out-of-plane force. but 
flies can still fly after one haltere has been 
amputated suggesting that each haltere may 
be capable of distinguishing all three compo- 
nents, They could conceivably get the third 
‘one by sensing tension as well as bending in 
their stalks, but this would require the ability 
to measure tiny fluctuations in a much larger 
centripetal force (5). In any case, two halteres 
‘orantennae set at different angles, each capa- 
ble of distinguishing two components of rota- 
tion, can together provide full information 
about rotations in three-dimensional space. 


Now we would like to know whether 
other insects, as well as hawk moths, use 
their antennae to sense rotations. That capa- 
bility seems potentially useful to any flying 
animal, 
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ATMOSPHERIC SCIENCE 


Pumping Up Surface Air 


Lyatt Jaoglé 


‘any nitrogen, hydrocarbon, and 
sulfur pollutants involved in acid 
in and photochemical smog are 


usually removed within hours or days near 
Earth's surface, but have much longer life 
they reach the cold and dry upper 
altitudes from 8 to 12 km 
Towering cumulus clouds associated with 
thunderstorms (see the figure) can rapidly 
transport these pollutants to the upper tropo- 
. This process, combined with fast 
at high altitudes, allows the spread of 
pollution over intercontinental scales (1) 
Subsequent chemical transformation of 
these species in the upper troposphere leads 
to the production of ozone (2) and of aerosol 
particles (3), which affect global climate. In 
addition, convection moistens the upper tro- 
posphere, where water vapor has a large 
effect on climate and its response to increas- 
ing concentrations of greenhouse gases (4). 

However, the rate at which the upper tropo- 
sphere is flushed out and resupplied with fresh 
surface air cannot be measured directly. It is 
therefore difficult to evaluate the influence of 
deep convection on climate and air quality. On 
page 816 of this issue, Bertram et al. (5) 
lise extensive observations obtained during 
a recent aircraft campaign to infer the turnover 
rate of the upper troposphere over the eastern 
United States and Canada during summer. 
These data will allow quantitative tests of 
models to assess how deep convection affects 
the composition of the upper troposphere. 
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Towering cumulus clouds associated with 
thunderstorms enable the spread of pollution 
‘on intercontinental scales. 


Tracking deep convection. A thunderstorm causes convective transport of NO, from surface sources to the 
Upper troposphere; lightning injects additonal NO,, Rain washes out the water-soluble HNO, High NO, and 
low HNO, thus indicate fresh convection, As the cloud-processed airs transported downwind over the follow- 
ing days, NO, is converted to HNO,, at arate determined by local chemistry. The NO/HNO, ratio thus pro 
vides a clock that allows the time since convection to be inferred 


Bertram eral, use measurements of nitro 
gen oxides (NO,. which is the sum of NO 
and NO,) and nitnic acid (HNO,) to quantify 
the influence of convection on the upper tro- 
posphere. The data were obtained by the 
NASA DC-S research airplane, which sam- 
pled the atmosphere over eastern North 
America in July and August 2004 (6). Upper 
tropospheric air recently affected by upward 
motions in clouds usually contains high lev- 
els of NO, but low levels of HNO,, com- 
pared to the surrounding air (7). The NO, 
originates from ground-level sources, such 
as electric utilities and cars, and from the 
lightning that accompanies convective 
clouds. NO, is not very water-soluble and is 


thus efficiently transported through these 
clouds. In contrast, the very water-soluble 
HINO, is quickly removed by rain during 
convection, Once in the upper troposphere, 
NO, is slowly oxidized to HNO, and HNO, 
regenerates NO, until steady-state levels are 
reached 1 102 weeks later (see the figure). 
Bertram er al. observed NO/HNO, ratios 
that were often 5 to 20 times as high as 
expected from steady-state equilibrium 
They use this imbalance to calculate 
the time since convection occurred. Simu- 
taneous measurements of hydrogen oxide 
radicals and other chemical parameters con- 
strain the rate at which NO, is oxidized to 
HNO,, The authors use a photochemical box 


‘9 FEBRUARY 2007 VOL315 SCIENCE wwwsciencemag.org 


model to predict the evolution of NO, and 
HNO, afier convection. This model allows 
them to relate the observed NO/HNO, 
ratio to the time since convection. This 
“cl clock” shows that about half of 
the air at altitudes between 7.5 and 11.5 km 
is less than 2 days old, and only 25% of the 
air has not been influenced by convection 
over the past 5 days. 

The high time resolution of the measure- 
ments and the large region sampled by 
the research aireraft allow Bertram er al. to 
quantify the overall effects of convection. 
Their analysis implies that during summer, 
convection resupplies the upper troposphere 
With fresh surface air roughly every 5 to 10 
days, This flood of surface air is injected by 
humerous individual thunderstorms. About 
100,000 thunderstorms occur each year in 
the United States, mostly during summer, 

What did this pervasive cloud pumping 


bring to the upper troposphere, in addition to 
copious amounts of NO,? The authors found 
moderately enhanced levels of surface pol- 
lutants, such as sulfur dioxide and carbon 
monoxide, in freshly transported air. This 
fresh air also contained low concentrations 
of big particles, which had been scavenged 
during upward transport, and large con« 
trations of ultrafine particles, reflecting new 
particle formation. The chemical cloc 
vides a means for timing the phy 
chemical processing that occurs as the air 
ages, thereby providing new constraints on 
the rates of ozone production, particle for- 
mation, and mixing with surrounding air. 

Because of limited computer pow 
global atmospheric models cannot simulate 
individual cloud systems. Instead, they use 
parameterizations of convection, The study 
by Bertram et al. provides a new benchmark 
for testing these representations af convee- 
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tion in a manner that does not depend on 
knowledge of surface emissions. 

Future models may be able to represent 
the continental-scale effect of convection a 
captured in these new aircraft measurements, 
However, reproducing the actual location 
and intensity of convection on smaller scales, 
remains a challenge that limits our ability to 
fully understand the extent of human influ- 
‘ence on atmospheric composition. 
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MICROBIOLOGY 


Bright Insight into 


Danie! B. Kearns 


page 853 of this issue, Mignot et 
Jal. provide evidence for a novel 
mode of bacterial locomotion (1). 


According to their model, a bacterium 
adheres to a solid surface at regular intervals, 
along its cell body. Coordinated force is uni= 
formly applied at focal adhesion complexes 
and the cell moves relative to these faci 
titative measurements and mathemati- 
‘modeling predict that the zones of adhe 
sion are organized on an internal helical 
track and that relative movement of the track 
could power a spiraling. corkscrew-like 
motion over a surface (see the figure). 

‘The model is an explanation for the phe- 
nomenon of gliding motility, a form of 
bacterial movement that propels cells over 
a solid surface. While gliding, cellular 
motion is smooth and cells travel in straight 
lines, occasionally reversing in direction. 
Despite its observation in a wide variety of 
bacterial species. the mechanism of gliding 
motility has long remained a mystery, as 
gliding cells do not require external struc- 
tures (such as flagella or pili) that could 
potentially serve as an obvious drive mech- 
anism, With this in mind, Mignot ef al. 
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Bacterial Gliding 


rched for motor proteins on the inside of 
‘ococeus xanthus, a slender, rod-shaped 
bacterium that moves by gliding. They 
focused on a coiled-coil protein called AglZ 
because mutant cells that lack the gene that 
encodes this protein are unable to glide (2) 
The bacteria were engineered such that yel- 
low fluorescent protein was fused to AgIZ, 
and when viewed under the microsco 
functional AgIZ appeared as brightly fluo- 
ular foci. Through this 
approach, the researchers simply monitored 
the position of these foci as cells moved. 

In watching the moving cells, Mignot er 
al, made several surprising observations. 
AglZ foci remain stationary with respect 
to the substrate. and thus a cell appears to 
move relative to the immobilized internal 
protein. This observation suggests that 
AgIZ marks stationary foci (focal adhesion 
complexes) at which the cell anchors 
to a solid surface to push itself along, 
‘Consistent with this hypothesis, the cells do 
not form AgIZ foci at positions where they 
do not contact the surface, such as during 
bending or rare flailing motions. Further- 
more. when the lagging pole of a cell 
catches up to an AgiZ cluster, the focus di 
perses and a new focus forms at the cell’s 
leading pole. AgIZ dispersal correlates with 
cellular relaxation, which suggests not only 


‘Atank tread-tike motion of successive adhesions 
provides the force needed to propel a rod-shaped 
bacterium, 


that these foci represent points of adhesion 
but also that force is applied at these points, 
The occurrence of AglZ foci at regularly 
fixed intervals implies that they associate 
with an intracellular helical track. 

AglZ could participate in force generation, 
It is structurally similar to eukaryotic myosin, 
4 motor protein that facilitates intracellular 
movement along cytoskeletal actin fibers. The 
periodicity observed for AglZ is consistent 
with the pitch of the bacterial eytoskeletal pro- 
tein MreB, a homolog of eukaryotic actin, 
which formsa helix inside the cell (3), Ifeom- 
plexes containing MreB and AglZ exist, they 
‘could theoretically generate force by a mecha 
nism related to the myosin motors involved in 
‘eukaryotic cell division, white blood cell 
motility, and muscle contraction, Because 
both MreB and AglZ are found in the cyto- 
plasm, the adhesion complex would necessar- 
ily have to traverse multiple layers of the cell 
envelope to interact with an extemal substrate 
The focal adhesion-motor complex could be 
‘quite large, and numerous proteins have been 
implicated in gliding that could accommodate 
its assembly, structure, and function (4), 
Mysterious belt-like aggregates have been 
microscopically observed and biochemically 
purified from the outer layers of M. xamthus 
and might also participate in the gliding 
mechanism (5,6). 
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To generate unidirectional movement, all 
components of the helical intracellular track 
‘must presumably travel in the same direction 
relative to the adhesion complexes and force 
must be applied uniformly over the helix. 
Track polarity must therefore also reverse 
nthe cells reverse direction. To address 
this coordination, Mignot et al. exploited the 
well-established fact that the frequency of 
ction reversals during gliding in M. xan- 
regulated by a series of signal trans- 


tm 
ducers called the Fr proteins. They show 
that AglZ foci coalesce at the new leading 
pole ofthe cell concomitant with a change in 
direction, a correlation that is maintained 


even when the reversal frequency is radi- 
cally altered by mutations in the Frz system. 
Therefore, it appears that the Fre signal 
transduction pathway may coordinate cellu 
lar reversals by controlling AgiZ localiza 
tion dynamics. Precisely how Frz controls 
the localization of AgIZ and track polarity 
ansaits explanation, 

It is important to note that MM. xanthus 
uses a second motor system—a retractile 
pilus—that is independent of the focal 
adhesion complexes but also powers move- 
‘ment over solid surfaces (see the figure). 
The Fre system also regulates this separate 
motor by controlling protein localization 
dynamics through a protein called FrzS (7). 


Pill retract and pull bacterium forward¢——— 


Thus, in addition to regulating the activity 
of two different motors, the Frz system 
must coordinate each such that they do not 
run simultaneously in opposite directions. 
How Frz integrates the two motors is 
unknown, but FrzS is remarkably similarin 
structure to AgIZ: therefore, mechanisti- 
cally distinct motors might be regulated by 
a common motif. Evidence suggests that 
Fr2S isa motor regulator but is not required 
for pilus force generation (7). Similarly, it 
is possible that AglZ is not directly in- 
volved in force generation either. but rather 
isa regulator that colocalizes with the focal 
adhesion complexes. 

The model proposed by Mignot ef al. 
accommodates a number of observations 
regarding M. xanthus gliding motility. 
Specifically, focal adhesion complexes 
account for the lack of visible external 
drive structures during this type of move- 
‘ment and also explain the acute cell bend- 
ing that occasionally occurs during gliding. 
Furthermore, the model is consistent with 
the previous observations of Sun eral, who 
demonstrated that gliding speed is inde- 
pendent of cell length and predicted that 
the gliding motor is distributed along the 
body of the cell and not localized to the cell 
pole (8). However, questions remain, What 
is the exact molecular nature of the intra- 


cellular helical track. and how is force gen- 
erated? How is movement through the sep- 
arate adhesion foci precisely coordinated? 
Finally. is AgIZ regulatory or is it directly 
involved in force generation? 

Gliding motility is found in many di 
tantly related bacteria, and it seems likely 
that unique mechanisms for gliding have 
evolved independently (9), Nonetheless, 
Mignot ef al. provide a picture of one 
mechanism in particular, and the field of 
gliding motility now has a molecular han- 
dle by which to explore the larger phenom- 
enon. Their observations may also provide 
insight into the origins of more complex 
eukaryotic motors. 
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Get moving. The rod-shaped bacterium M. xanthus uses two 


different motility systems, One mode uses an external motor 


{retractite pili. The other is driven by the force generated 


from an internal motor that moves along a helical track, as 
decribed by Mignot etal, 


Motor complex drives fonwardé motion 


‘Adhesion complexes bind to substrate 


Hypothetical helical 
cytoskeletal fiber 
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CHEMISTRY 


Can Droplets and Bubbles Think? 


Irving R, Epstein 


‘ow many of us, atthe close ofa well- 
spent evening, have stared into that 

last glass of beer or champagne and 
wondered what eternal truths lie in the rising 
bubbles before us? In this issue, Fuerstman 
et al, on page 828 (1) and Prakash and Gershen- 
feld on page 832(2) report their use of micro- 
fluidic technology to construct streams of 
droplets (liquid-in-liquid) and bubbles (gas- 
in-liquid) that can encode and decode infor- 
‘mation or perform logical operations, 

Since its emergence in the 1990s, micro 
Muidics has becomea powerful technique fora 
wide variety of applications in biotechnol- 
ogy, engineering, physies, and chemistry. By 
studying processes in channels with typical 
dimensions of tens to hundreds of microme- 
ters, researchers can conduct controlled reac- 
tions while economizing on the consumption 
‘of possibly scarce materials. Flow in such 
channels can be characterized by two dimen= 
sionless numbers, the Reynolds number (Re), 
aand the capillary number (Ca). When Re is 
low, inertial effects are negligible, and fluid 
flow is laminar and simple, In the narrow 
spaces ofa typical microfluidic device, this is 
almost always the 

The capillary number (Ca) characterizes 
the balance between surface tension and vise 
cous forces. Ca determines the behavior of 
the bubbles or droplets when they reach a 
point at which a channel splits into two 
branches (3), For Ca less than a critical value 
that depends on the length of the bubble or 
droplet and the geometry of the channels, sur- 
face tension dominates, so the bubble holds 
together. Like the traveler in Robert Frost’s 
poem The Road Not Taken (4), the bubble 
must choose a path. Although Frost's protag- 
nist seleets “the one less traveled by.” a soli- 
tary bubble or droplet forced to settle on one 
of two paths will pick the channel that offers 
the lowest resistance to flow. Because the 
presence of a droplet or bubble increases the 
resistance of a channel, a second bubble 
arriving at a junction between two channels 
of similar but unequal length will take path B 
after the first takes the shorter path A. As the 
interval between droplets decreases, more 
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Microfluidics plus chemistry. A microfluidic channel 
‘arres water droplets of volume 250 pt in a continu- 
‘us stream of ol [Adapted from (18) The droplets act 
a5 microreactors in which the reagents are rapidly 
mixed (upper undulating region) and are then trans 
‘ported with no dispersion (lower smooth region). Such 
{am arrangement can be used to control chemical reac- 
tion networks on a milsecond time scale. 


complex sequences of path choices (e.g. 
AABAAB) can be generated. This simple 
principle provides the basis for the work 
reported by both of these groups. 

Fuerstman et af. genenite a series of 
droplets at periodically or aperiodically 
varying times and pass the resulting stream 
through a loop that offers the choice between 
‘wo slightly different channels, thereby modi- 
fying the initial interdroplet time intervals and 
encoding an input signal. Remarkably. unlike 
Frost's traveler, who “doubted if I should 
ever come back." Fuerstman et al are able to 
restore the initial series of intervals, thus 
decoding the signal, either by reversing the 
direction of flow or by passing the stream 
through a second loop. 

Prakash and Gershenfeld take a more 
explicitly computational point of view, repre- 
senting bits of information as bubbles in a 
channel, and construct circuits that not only 
carry out the functions of Boolean AND, OR. 
and NOT gates but also can be linked together 
to produce more elaborate arrangements capa- 
ble of acting as counters, oscillators, or mem- 
oryarrays.Itis perhaps not totally farfetched to 
‘imagine a stream of bubbles and a set of rules 
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Bubbles flowing through narrow channels can 
bbe encoded with information and made to per- 
form logic operations like those in a computer. 


for manipulating them as the equivalent of 
Turing’s vision of a universal computing 
machine (5). 

These demonstrations of the power 
of relatively simple two-component 
microfluidic flows make one won- 

der how far itis possible to go in 

constructing microfluidic “thinking 
devices.” Can in luido compete with 
in silico or in cerebro, at least for cer~ 
tain specialized applications? It is 
now possible to build mierofui 
chips containing hundreds of addres 
able elements (6), and these elements 
ean be made to perform important eon 
trol and memory tasks (7). Microfluidic 
networks have already been used to solve 
‘mazes (8) and computationally difficult mathe- 
‘matics problems (9), Paradoxically, one obsta- 
cle to the practical use of microfluidic devices: 
has been their lack of portability, but recent 
‘work (70, 1/) suggests ways in which tis hur= 
dle may be overcome. 

Neurons and computer chips are certainly 
more complex than chemically inert droplets 
‘or bubbles. One way to enhance the eapability 
of microfluidic devices is to combine them 
(see the figure) with the bistability, oscitla~ 
tions, and waves found in nonlinear chemical 
dynamics (/2). On a macroscopic scale, the 
prototype Belousov-Zhabotinsky reaction 
has been used in devices that count (/3), store 
images (/4), solve mazes (/5), and perform 
logical operations (16), Carried out in a micro- 
fluidic network, an appropriately chosen set of 
nonlinear reactions not only mimics but also 
provides insight into the mechanism of blood 
clotting (/7). Although itis difficult to envi- 
sion microfluidic systems in which the nut 
ber of connections to a single element begins 
toapproach the number of synapses toan indi- 
‘vidual neuron, adding the repertoire of chem 
istry to the flexibility and capability of rapid 
switching provided by microfluidies should 
make it possible to perform tasks of eonsider- 
able complexity 

Will future James Bonds be equipped with 
microfluidic computers or encoders that fit 
into a shoe and are fueled by a bottle of spring 
‘water (or premium vodka)? Probably not, but 
the possibility of carrying out an impres 
variety of tasks usually associated with brains 
‘or computers will undoubtedly inspire many 
more creative uses of microfluidics, both in 
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systems like the ones explored in these two 
reports and in more complex arrangements 
that exploit chemistry as well, 
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CELL BIOLOGY 


Cellular Demolition and the 
Rules of Engagement 


Richard J. Youle 


Xecution of cellular suicide, oF apopto- 
E: is indisputably under the dominion 

/of one group of proteins, the Bel-2 fam- 
‘But within this family three factions are at 
‘xis with each other as they rival tw promote or 
block cell death, Anti-apoptotic members act 10 
restrain pro-apoptotic members. More of an 
‘enigma has been the activity ofBH3-only pro- 
teins.” family members that share a single motif’ 
(a BH3 domain) with other Bel-2 proteins, 
BH3-only proteins can bind to different subsets 
of the Bel-2 family, but whether they assist cell 
suicide by activating pro-apoptotic members or 
inhibiting anti-apoptotic family members has 
teen debated. On pxige 856 of this issue, Willis 
and colleagues (/) conclude that BH3-only 
proteins work solely by thwarting anti-apopto- 
sis Bel-2 proteins, thus settling the controversy 
We now understand one way to star the cell's 
death machinery. 

Bel-2 regulates tissue health by inhibiting 
apoptosis, Bax (and its homolog Bak) has the 
opposite effect of promoting 
despite a surprisingly similar three-dimen- 
sional structure, It is now ac 
apoptotic family members, 
Bel-xp. and Mel-1, restrain Bax and Bak 
activity. OF ictivated, Bax and Bak induce 
permeabilization of the mitochondrial mem- 
brane, thereby allowing cytochrome ¢ 
release and the activation of caspases (which 
catalyze protein degradation). This cascade 
of events ultimately leads to breakdown of 
the cell (see the figure). 
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Bax was originally identified as a Bel 
2-binding protein and was thought to be 
inhibited by this interaction (2). However, 
contrary to this “rheostat model.” in healthy 
cells, Bax is not bound to Bcl-2 but existsasa 
monomer in the ¢} 


tion? One solution may center on the 
of BH3-only proteins. 

Cell-fhee models of Bax activation, which 
do not fully reflect the in vivo situation, 
show that pro-apoptotic Bax acts synergisti- 
cally with peptides corresponding to the BH3 
domain of only a few BH3-only proteins, 
notably those from Bid and Bim, to induce 
eytochrome ¢ release from isolated mitochon- 
dria (4-6). Bid and Bim are thus referred to as 
“activator proteins.” This scenario is consis- 


Does cell death occur by pulling the plug on 
Bcl-2 life support or pulling the trigger on Bax 
activation? 


tent with the simple model in which BH3 pep- 
tides bind to Bax and cause a conformational 
change and oligomerization of Bax, thereby 
activating the mitochondrial cell death path= 
way. How then do the other BH3-only protei 
that do not bind to Bax (so-called “nonactivat- 
ing” proteins) induce apoptosis? One possibil- 
ity is that activator proteins could be se~ 
questered by Bel-2. The activators could be 
freed from this association if displaced by 
nonactivating BH3-only proteins. The re 
leased activators could then bind to Bax and 
trigger cell death (5). One problem of this 
‘mode! is that activator proteins (Bim and Bid) 
do not detectably bind to Bax. However, 
recent work shows that stabilizing the BH3 
domain structure (ct helices) of Bid and Bim 
allows the peptides to bind to Bax, keeping the 
lausible (7), 


i 


Gitochrome c release 
and caspase activation 


Restraining orders. Anti-apoptotic Bcl-2 family members block the translocation of pro-apoptotic Bax per- 
haps by directly binding and inhibiting Bax on mitochondria following a conformational change. BH3-only 
proteins promote apoptosis by binding to and inhibiting anti-apoptotic Bd-2 family protein activity. 


FEBRUARY 2007 VOL315 SCIENCE wwwasciencemag.org 


In contrast tothe cell-free models, Willis et 
dal, show that Bid and Bim are not at all 
required for apoptosis in vivo, Using mice 
Jacking Bid and Bim, the authors show that 
nonactivating proteins still induce apoptosis in 
vivo. They also confirm that Bim and Bid fail 
to bind pro-apoptotic Bak and 
Bax. Thus, BH3-only proteins 
appear able to promote apopto- 


How cell death-promoting Bax is activated 
remains unknown. It translocates from the 
cytosol to the mitochondria during apoptosis, 
and overexpression of Bcl-2 somehow prevents, 
this relocation. It may be that cellular stress 
alters the conformation of Bax to a semi-acti- 
‘ated state: some of the Bax then 
moves to mitochondria, where 
antiapoptotic Bel-2 family mem- 


sis solely by inhibiting Bel-2 BH3-only Anti-apoptotic hers bind and inhibit it (see 
and main ipoptotic pied Protein Bel2 protein the Figure). Similarly, nascent 
to promote apoptosis, without Bak oligomers on mitochondria, 
displacing activator prot are bound by Bel-2 and thereby 

What then activates: Bax blocked from further oligomeriza- 
and Bak 10 set the mitochon- NOH pia otand from inducing apoptosis 


drial cell death pathway in 
motion? The situation for Bak 
could be more straightforward 
than for Bax, In contrast to 
cytosolic and monomeric Bax, 
Bak is normally bound to mito~ 
chondria and constitutively bound to Mell 
and Bel-x, anti-apoptotic Bel-2 family mem= 
bers (8, 9). Thus, simple relief trom inhibition 
through binding of BH3-only proteins could 
unleash Bak to oligomerize and induce apop- 
tosis as originally proposed in the rheostat 
model, However, mutant forms of Bak less 
able to bind Bel-x, and Mel+t still require an 
unknown activation step to induce apoptosis 
(6), indicating that simply removing inhibition 
by Mel-1 and Bel-x, isnot enough, 


(10). These semiactivated forms 
of Bax and Bak could be relieved 
of Bel-2 inhibition by BH3-only 
proteins to allow completion 
Of translocation, oligomerization, 
‘and cytochrome ¢ release. 
Complicating the issue further are experi- 
iments indicating that Bel-2 must change con 
formation on the mitochondria to inhibit Bax 
(1). Thus, activated forms of Bel-2 may block 
activated forms of Bax, again consistent with 
the rheostat model except that inhibition 
occurs downstream of the elusive Bax and Bel- 
2 activation steps. Two central helices of Bax 
and Bel-2 become embedded deeply in the 
mitochondrial membrane during activation, 
thereby unfolding and undoubtedly destroying 
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domains that harbor binding pockets for BH3 
domains. Elucidating how BH3-only proteins 
relieve inhibition of membrane-inserted Bax. 
by Bel-2 requires fresh insight into the stru 
tures of the membrane-embedded forms. 
Willis and colleagues make clear that 
BH3-only proteins ean promote apoptosis 
exclusively by inhibiting anti-apoptotic Bel-2 
family members (see the Table). Moreover, 
particular BH3-only proteins engage particu- 
lar anti-apoptotic Bel-2 family members, 
allowing tissue-specific regulation and stress- 
specific cellular responses. Beyond the 
‘of Bax and Bak activation remains the central 
‘question of how they stimulate mitochondrial 
membrane permeabilization, a process that 
has defied intense research efforts so far. 
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OCEANS 


Picoplankton Do Some 


Heavy Lifting 


Richard T. Barber 


ver the past 25 years, understanding 
O of the food web structure of open- 

‘ocean ecosystems has changed dra- 
matically. It is now clear that the traditional 
food web, which is a chain from diatoms 
through crustaceans to fish. is limited to 
high-biomass diatom blooms that occur only 
intermittently in the open ocean. A back- 
‘ground food web based on very small unicel- 
lular plants (picoplankton, with diameters 
<5 im) and small protozoan animals is 
present in all regions of the ocean more or 
Jess continually throughout the year (5). 
Biological oceanographers have assumed 
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that this “microbial food web” plays a minor 
role in important oceanic processes such as 
fish production and sequestration of carbon 
in the deep ocean, 

On page 838 of this issue, Richardson and 
Jackson (6) challenge this assumption by 
showing that autotrophic (photosynthetic) 
picoplankton are a source of organic carbon 
for large zooplankton such as copepods and 
for the particulate organic carbon pool that 
fuels the flux of particles sinking to the deep 
‘ocean (see the Figure). 

The authors used inverse and network 
analyses to establish that picoplankton trans- 
fer much more newly synthesized carbon 
through the food web than had previously 
been assumed. This finding differs from the 
present dogma of biological oceanography. 


Tiny unicellular plants called picoplankton play 
an unexpectedly large role in the transport of 
‘organic matter to the deep ocean, 


‘which is that the transfer of picoplankton ear 
bon through the food web is disproportion- 
ately low relative to their net primary produc- 
tivity (NPP) (7), whereas the contribution of 
diatoms is disproportionately high (8-11). 
Richardson and Jackson do not dispute the 
importance of diatom blooms, when thi 
‘occur, but they show convincingly that pi 
plankton can also be an important source of 
‘new organic carbon for lange zooplankton and 
detritus production. 

‘The productivity observations that were the 
starting point for Richardson and Jackson's 
analyses came from the US, Joint Global 
‘Ocean Flux Study JGOFS) in the equatorial 
Pacific in 1992 and in the northern Arabian 
Sea in 1995. These eruises sampled two dis- 
tinct El Nifo Southern Oscillation (ENSO) 
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states in the Pacific and three monsoon condi 
tions in the Arabian Sea. Picoplankton NPP 
‘wats a substantial fraction (between 60 and 
90%) of total NPP at all sites except those sam- 
pled during the Southwest Monsoon, Even in 
the nutrient-rich upwelling of the Southwest 
Monsoon (12), picoplankton NPP was 30 to 
50% of total NPP. The new results reported by 
Richardson and Jackson are thus relevant not 
only for the well-stratified, low-nutrient condi 
tions where picoplankton are usually dominant 
(23, 14), butalso for high-nutrient conditions, 
The thesis advanced by Richardson and 
Jackson challenges the mainstream concept of 
the role played by picoplankton export, but 
there may be less disagreement than is appar- 


io 
Dtsotves 
‘iganie carbon 


etecatophie 
‘voteta 


re 


ple the earbon flux due to the consumption of 
organic aggregates by large zooplankton path 7) 
cannot be quantified at present, nor have there 
been many studies quantifying the impact of 
tunicate and pteropod grazing on picoplank- 
ton (path 4). Without organic aggregates and 
tunicate grazers in the short-term dilution- 
incubation experiments, the production of 
particulate organic carbon detritus by aggre- 
gate disintegration or tunicate defecation can- 
not be determined. 

In contrast, the inverse and network 
analyses used by Richardson and Jackson 
were designed to determine all possible 
carbon paths and their variability asa func- 
tion of monsoon and ENSO state at a vari~ 


The picoplankton food web. This oceanic food web based on picoplankton shows the paths of organic car- 
bbon flux determined by Richardson and Jackson (6). On the left & the classical “microbial loop” (gray). The 
two red boxes (large zooplankton and particulate organic detritus) are two carbon pools that, according to 
Richardson and Jackson, receive substantial export of picoplankton carbon. This new information suggests 
thatthe role of picoplankton in carbon export and fish production needs further investigation in both obser- 


vations and models 


ling. Landry (/4) has shown 
that unicellular animals that wraze on pico- 
plankton have high potential growth rates and 
can keep pace with picoplankton growth, 
ciently consuming the extra 
biomass that is produced during 
the onset of favorable growth conditions. Asa 
result of this balance between growth and 
grazing, picoplankton do not accumulate in a 
high-biomass bloom. Without such blooms, 
the amount of picoplankion biomass exported 
to the deep sea is assumed to be minimal 
Evidence for Landry's balance hypothesis 
(4) comes from an ingenious dilution-incu- 
bation experiment (/5) that determines both 
the growth rate of the autotrophs and their 
mortality rate due to grazing. 

However, the dilution-incubation experi- 
‘ment is not designed to determine all possible 
paths of picoplankton carbon, such as those 
shown in paths 3 to 5 in the figure. For exam- 


ety of locations. Over the time se 
resolved by their analyses (weeks to 
months). the picoplankton produced more 
organic carbon than was eaten by their 
grazers: a portion of this new picoplankton 
carbon was exported to the large zooplank- 
ton and detritus pools (6). Richardson and 
Jackson suggest that the export fluxes they 
determined probably involved the forma- 
tion of organic aggregates from picoplank- 
ton (path 3), consumption of those aggre 
gates by large zooplankton (path 7). and 
the production of fecal material by pelagic 
tunicates grazing on the picoplankton 
(paths 4 and 8). 

If there is indeed substantial export of 
picoplankton carbon o large zooplankton and 
detritus, then some concepts about oceani 
biogeochemical cycling will need to be 
revised. The abundance of picoplankton tends 
to be relatively low, but they are continuously 


present over the vast areas of tropical and sub- 
tropical oceans and, ina time-space summa- 
tion, picoplankton NPP adds up to a major 
source of marine NPP (/-5), Furthermore, 
under favorable growth conditions, both 
picoplankton and diatoms increase in absolute 
biomassand productivity (//).The magnitude 
of global NPP by picoplankton is probably 
even higher than previously claimed, and the 
‘new interpretation of Richardson and Jackson 
will thus be of great interest to ocean ecolo- 
ists, biogeochemists, and modelers investi~ 
gating how climate change will affect carbon 
eyeling or oceanic fish production, 

As Richardson and Jackson point out, 
most ocean ecosystem models do not give 
much or any weight to picoplankton export as 
source of sinking partic ie carbon. 
On the other hand, the models cited by 
Richardson and Jackson do include the link 
between picoplankton, protistan grazers, and 
large zooplankton (see paths 2 and 6 in the 
figure) that this analysis shows to be 
important. It should therefore be possible to 
use these models for examining the conse- 
quences of the new flux rates determined by 
Richardson and Jackson, 

Coupled ocean-atmosphere models forced 
with rising CO, indicate that upper-ocean 
stratification and stability will increase and 
mixing will decrease in the next 50 years (/6): 
these conditions increase the dominance 
of picoplankton (/3-15) relative to diatoms 
and other microplankton, It is reasonable 
to assume that NPP by picoplankton will 
increase and NPP by larger microplankton 
will decrease, especially at low and mid-lati- 
tudes. The issues raised by Richardson and 
Jackson thus merit careful serutiny and con- 
irmation by other researchers. 
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INTRODUCTION 


Energy for the Long Haul 


PERHAPS THE GREATEST CHALLENGE IN REALIZING A SUSTAINABLE FUTURE IS 
y consumption, Itis ultimately the basis fora large partof the global economy. 
and more of it will be required to raise livin 
Today 


wg standards in the developing world 
We are mostly dependent on nonrenewable fossil fuels that have been and 
tinue to be Because of these 


najor cause of pollution and climate change. 
problems, and our dwindling supply of petroleum, finding sustainable alternatives 


increasingly 
challenges and efforts needed to ha 


is becomin ent, This special issue focuses on some of the 


ss renewable energy more effectively at 


sufficient seale to m 


ke a difference and some of the people who are working on 

these problems. As introduced in the first News article (p. 782), the Editorial by 

Holdren (p. 737), and the Perspective by Whitesides and Crabtree(p. 796), many of 
the outstanding questions require major research efforts in underfunded areas. 

Much of the focus on sust med at different ways of tappit 


into the most abundant renewable resource: solar energy. Lewis (p. 798) points out 
that the direct conve 


ble enengy is a 


n of sunlight with solar cells, either into electricity or hydro- 
geen, faces cost hurdles independent oftheir intrinsic efficiency. Ways must be found 
to lower production costs and desi 
short 
(p. 808) discusses how Brazil's use of ethanol from sugar: 
‘need for imported oil. Many long-term goals have been set forbiomass utiliza 
example, the European Union (EU) hopes to produc 
fuels from biomass by 2030, as discussed by Himmel er al. (p. $04). Bet 
also needed for processing the available sugars, and conversion to higher aleobols or 
even alkanes is desirable. Stephanopoulos (p. S01) explores the options afforded by 
{neering biosynthetic pathways in microbes. 

How we tackle energy problems will turn on a number of policy issues. Potonik 
(p. 810) discusses how the EU is set funding for alternative 


better conversion and storage systems. In the 
m, utilization of biomass relies mainly on 


a quarter of its transpor 


rwaysane 


energy. Finally, Schrag (p. 812) explores the feasibility of sequestering carbon 


dioxide from fossil-fuel use and our technological readiness and will 


ness to 


implement such schemes. 

The News section profiles national lab directors, computer modelers, captains of 
ly chapters of the next book on 
energy research, Some of them are developing better plants to grow as fuel or ways 
to convert them into ethanol. Others are developing catalysts to extract hydrogen 


industry. and bench scientists who: he ea 


je writing 


from water or generate electricity from hydrogen. What they all share is a desire to 
find new ways to power the future, ScienceCareersorg takes a look at three young 
R&D: a 
ations under the Kyoto Protocol, a former 


private-sector scientists who are on their first steps to careers in ene 
consultant helpi 
particle physicist designing solar energy systems. and a Ph.D.-level engineer 
integrating sustainable electricity supplies into the power grid, 

~ PHIL SZUROMI, BARBARA JASNY, DANIEL CLERY, JAMES AUSTIN, BROOKS HANSON 
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A Sustainable Future, 
If We Pay Up Front 


The oil shocks of the 1970s sparked 


a short-lived golden age of energy R&D. 


Today's energy concerns haven't 
caused a similar bonanza, yet 


IT'S BEEN A YEAR SINCE PRESIDENT GEORGE 
W, Bush called on researchers to help the 
United States shake off its “addiction” to oi 
of energy 

“By applying the talent and technology of 
America, this country can dramatically 
improve our environment, move beyond a 
petroleum-based economy, and make our 
dependence on Middle Eastern oil a thing of 
the past” he said. Since then, talk of break~ 
ing the petroleum habit has intensified. 

Political instability in key regions that sup- 
ply oil and natural gas and oil prices near an 
all-time high have made energy the issue of 
the moment, with newspapers, magazines, 

and TV news programs extolling the virtues 
of rooftop solar cells, wind turbines, bio- 
fuels, and hybrid-energy cars. 

All this is re of the late 1970s, 
when oil shocks prompted a surge of interest 
in alternatives to conventional sources of ol 
But there are some significant differences. 
Today's concern isdriven by worries about eli- 
mate change in addition to fears of energy 
insecurity. And whereas the 1970s oil shocks 
prompted a gusher of new funding for energy 
related R&D, this time around. research dol- 
lars—or euros—have yet to begin flowing in 
earnest. The science has also changed over the 
ntury: Now geneticists and 
y tweaking agricultural 
crops to make better liquid fuels; materials 
scientists are wringing more efficiency out of 


ise 
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photovol Is: and computer modellers 
are redesigning nuclear reactors from the 
ground up. In the following news we 


profile some of the people who are following 
these new paths in energy research, 
Energy-policy experts and several recent 
studies agree that if we are to make any sub- 
stantial change to our energy supply. huge 
increases in funding will be needed. But 
prospects for sharp increases in energy 
research seem unlikely, “There certainly 
should be [more fundi 
sequestration expert Robert Socolow of 
Princeton University. Although there are 
some signs of new money in targeted areas 
of alternative-energy research both in the 
United States and elsewhere, “I don’t see 
ma use of the federal 
deficit.” says physicist Ernest Moniz, an 
energy-policy specialist at the Mass- 
achusetts Institute of Technology in Cam- 
ind former undersecretary at the 
Department of Energy (DOE). “There 
are tough fiseal times ahead.” Indeed. in the 
the anticipated yearlong 
ould delay even some of the 
projects that have been tapped for increases 
(Science, 15 December 2006. p. 1666). 
These dim funding prospects follow a 
period of relative decline in energy R&D. 
Paul Runci of the Pacific Northwest National 
Laboratory in Richland, Washington, pro- 


says carbon 


or increases bee 
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duced an analysis last year of 
energy R&D investment in 1 nations that 
together provide 93% of the energy research 
funding in industrialized countries, Almost 
all of those countries steadily increased fund- 
ing until the late 1970s to mid-1980s, when 
levels tapered off until the mid-1990s, They 
have remained largely stagnant ever since 
(sce figure, p. 783). The biggest falls ha 
been in funding of nuctear and fossil fuel 
RAD (see figure, p. 783). In some countries, 
fossil ftel research is less than 10% of wht it 
was at the peak. The exception is Japan, 
which kept increasing fund 
decade. Runci bh 
of low oil prices and oversupply, changing 
perceptions of nuclear power following the 
accidents at Three Mile Island in Pennsylva- 
nia and at Chornobyl, Ukraine, and public 
policies that have shifted R&D responsibility 
from the public to the private sector. 

Industry has so far failed to take up the 
slack, while government money has dwin- 
dled. The US. energy industry is a factor of 
10 below the average R&D intensity of 
American business. The shortage of both 


public and private funding is having a serious 2 
impact on new blood coming into this area of 


research, “Fields saturate [with older § 
researchers.” says Sovolow. “Energy keeps & 
not getting enough new recruits 
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There are some signs of a revival, 
however, Runes report points to energy 
conservation research, which grew 
strongly in the United States and Japan 
during the late 1990s and into this 
decade. Runci also singles out the growth 
‘of wind energy in Europe. Concern about 
carbon emissions and a desire to become 
world leaders in renewables technology 
spurred the European Union (E.U.) and 
some national governments to invest in 
wind energy R&D as well as provide sub- 
sidies and tax incentives to energy com- 
panies to set up wind farms. The result 
has been a phenomenal growth in 
installed wind capacity (see figure, top 
right) that is now equivalent to 50 coal- 
fired power stations, The E.U:s renew- 
ables industry now has an annual 
turnover of $20 billion, half the world 
market, and employs 300,000 people. 

In his speech last year, Bush voived 
new enthusiasm for novel forms of 
enemy technology and announced the 
launch of his Advanced Energy Ini 
tive. He subsequently proposed a 
22% increase in DOE funding for clean 
‘energy technology in 2007, focusing on 
improving the efficiency of ears as well 
as expanding the use of biofuels and 
developing fuel cells, and on electricty- 
generating technologies including clean 
coal, advanced nuclear power, solar, and 
\ind, These areas received $1.7 billion in 
funding during 2006, but some may get 
‘caught in t 


initiatives is a plan to build two new 
& bioenergy research centers to carry out 
basic research on microbial and plant 
systems with the aim of converting ined- 
& ible plant fibers such as cellulose into 
& ethanol for biofuels, With $125 million 
‘over 5 years on the table for each center, 
universities, national labs, and other institu 
# tions are vying to host them. A decision is 
expected in the summer. The oil company BP 
# has launched a similar scheme, offering 
§ $500 million over 10 years to an institution to 
3 run an Energy Biosciences Institute (see 
i p. 790), A decision on the site—either in the 
2 
8 


United States or the United Kingdom—is 
expected by the time this issue is published. 
“We've come to realize that the intersection of 
biosciences and energy is a very powerful 
‘sty Steven Koonin, BP’ chief scientist. 

‘The European Union is also backing new 
energy technologies. In the latest 7-year 
Framework research program—approved 


° 


1995 1996 1997 1998 1999 2000 2001 2002 2003 


Total Government Energy |, 


° 
17S 1980 19851990, 


Government Energy R&D Spending 
in Major IEA Countries 


late Last year—S1.5 billion will be spent on 
renewablesand energy efficiency. an increase 
of 40% over the previous Framework pro- 
fam and more than 50% of all non-nuclear 
energy funding. In the United Kingdom, 
meanwhile, a government energy review 
‘completed last summer promised a National 
Institute for Energy Technologies, with a 
‘budget in the region of $200 million per year. 

All of these initiatives are giving energy 
research a much-needed shot in the arm, but a 
number of influential reports are calling for 
increases in energy R&D on an entirely differ- 
ent scale. The GX meeting of world leaders at 
Gleneagles, UXK., in July 2005 called on the 


3995 2000 2008 
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International Energy Ageney (IEA) to 
map out scenarios for a future clean 
energy supply, According to the IEA 
report, published last year, “there isan 
acute need to stabilize declining budg- 
ets for energy-related R&D and then 
increase them,” Nicholas Stem, a chief 
economic adviser to the U.K. govern- 
‘ment, was more specific, In his influ 
ential review on the economics of eli- 
mate change published last October, 
he forecast that the impact of doing 
nothing to counter global warming 
could amount to between 3% and 
20% of global gross domestic pro 
. Whereas efforts costing 1% of 
GDP could counter the worst 
effects. Those efforts would 
include at least doubling the cur- 
rent amount of energy R&D fund- 
ing and a fivefold increase in su 
port for the deployment of new 
technologies. 

An ambitious report released in 
2005 by the U.S. National Academies 
entitled Rising Above the Gathering 
Storm aimed to identify actions 
1 help the United States compete 
and prosper in the 21st 

tury, Among a number of 
recommendations, it advo- 
cated the ereation of a new 
agency within DOE, akin to 
the Defense Advanced 
Research Projects Agency, 
to fund energy R&D. This 
new body. dubbed ARPA 
should start with $300 million a year 
and build up to S1 billion annually 
over $ or 6 years. A bill to set up 
ARPA-E was presented to Congres 
in December 2005 by Represet 


the House scien 
reintroduced the bill last month. Moniz says 
that research he and his colleagues have con- 
ducted for reports on the future of nuclear 
energy and coal also suggests that a dou- 
bling of research spendin; y 
‘Ultimately, it will be polities atthe highest 
level that will dictate the fate of energy 
research, [foil supplies are further threatened 
by geopolitics, or new evidence of human- 
induced climate change is sufficient to con- 
vince the skeptics, energy research may again 
prosper. But will it continue to do so if the 
Price of oil later drops again? “That remains 
to be seen.” says Koonin. 


DANIEL CLERY 
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PROFILE: STEVEN CHU 


Steering a National Lab 


Into the Light 


Steven Chu is on a crusade to make solar power work. His weapon is 
Lawrence Berkeley National Laboratory 


Die ratte arts a 


the entrance to Lawrence 
Berkeley National Laboratory 
(LBNL), and you travel about 
250 meters on Chu Road before it 
splits off onto other tentacles of : 
the lab overlooking San Francisco 
Bay, Despite its short length, isa 
fitting entrée, The road is named 
for 1997 physics Nobelist Steven 
Chu, who became the lab’s sixth 
director 2 years ago and ever 
since has been working to st 
a new direction, His. 
focus: a sweeping agenda aimed 
at making solar energy a practi- 
cal, commercial, and world- 
anging reality 

Since takin 


its 


hisnew job, Chu, 
58, has traveled the globe making 
the ease for solar power. Some of 
the refrains are familiar: retreating 
ilaciers, more-damaging storms, 
and sea-level rise. Some, though, 
are less well known, such as how 


increased water evaporation from soils could 
jeopardize farming in the Midwestern United 
States. “Sustainable, carbon-neutral enengy is 
the most important scientific challenge we 
face today." Chu is fond of saying 

‘Onthe supply side, Chu says current carbon- 
neutral enengy sources face a host of prob- 
Jems, Wind, nuclear power, and biofuels are 
unlikely anytime soon to meet all of the needs 
‘of aeivilization that in 2005 was using energy 
in ll forms at a rate of about 16 trillion watts, 
With roughly 80% of it coming from fossil 
fuels. Solar power also has limitations, but the 
sun beams more energy toward Earth in an 
hour than all 6 billion of us use in a year, The 
challenge is finding ways to capture and store 
that energy that are cheap and efficient. 
Chu has launched 
to yoke at least part 
nda. The first 
isa proposal to team up with fellow national 
labs Sandia and Lawrence Livermore and 
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Rainmaker. Ch 


build one of two $1 
Institutes to be funded by the Department of 
Energy (DOE) that, ever 5 years, will propel 
advances in nanotechnology and synthetic 
biology into better ways of making biofuels, 
Second is to win a $500 million pot put up 
by the oil giant BP for a biofuels institute 
(see p. 790). Finally, an in Hed 
Helios will look beyond bioenergy to include 
topics such as nanotech-based photovoltaics 
‘and fuel-generating catalysts. ARthough none 
Cf the proposals had been funded by the time 
Science went to press, Chu already has verbal 
commitments from private sources of about 
$50 million and up to $70 million from the 
state of California. “You try to make some 
and get some funding.” Chu says, 

If that funding comes, Chu expects little 
trouble getting scientists to follow and little 
opposition within LBNL. because the 
rams would expand the lab’s current 
million annual budget rather than cut 
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into existing prog 
also wouldn’tafl 


ams, The new programs 
the lab’s four national user 


facilities—a synchrotron, an electron 
microscopy center, a nanofabrication 
and a supercomputing center—other than to 
users to target their research on 


encourag 


improving solar power generation. So far, 
Chu'sambitions are getting a warm reception 
both inside and outside the lab, “I think it’s 
great,” says physicist Nate Lewis of the Cali- 
fornia Institute of Technology in Pasadena, 
adding: “If you need to lay more golden eggs, 
the only proven way is to buy more chickens.” 
“{Getting] Chu was a coup,” adds Carolyn 
Bertozzi, a University of Califomia, Berkeley, 
chemist, who also directs the Molecular 
Foundry, DOE's nanofabrication user facility 
“He's really been able to inspire people 

Asked why he decided 2 years ago to 
quit Stanford University and move up the 
road to LBNL, Chu doesn’t hesitate. “I 
drying up as a scientist and had nowhere to 
.” he deadpans before breaking up. In 
reality, his lab of 13 students and postdocs 


was thriving. He moved there in 1987 after 
9 years at AT&T Bell Labs in New Jersey 
\Wwhere he did the work that won him a share 
of a Nobel Prize: developing laser-based 


techniques to cool clusters of atoms to just 


above absolute zero, He continues to purstie 
that work, although he’s slowly shifting his 
lab over to work in biophysics. In truth, he 
says, he was propelled to make the move by 
his concern over climate change. “It's quit 

Chit says of the seale of the task. 


problem we have to address, and 
limited amount of time to do it. 
What we do in the first half of this century, 
we will see the consequences for the next 
500 to 1000 years. 

Chu knows full well that solving this 
problem is certain to involve government 
policy and international diplomacy, and it 
may even depend more on building codes 
than science, But he seems to thrive on the 
multifaceted challenge. gliding effort- 
lessly between diverse topics such as how 
ax policy in China stops that country 
from adhering to its own clean-air regula- 
tions, whether CO, pumped to the ocean 
floor will stay put, and the potential of 
archi al innovations to reduce the 
amount of energy used to heat, cool, and 
light building 

Intheend, Chu says, it will take an array of 
solutions to hold carbon emissions to man- 
ageable levels, And they have to start happen- 
ing fast. Says Chu: “We don’t have the option 
to fail on this one. “ROBERT F. SERVICE 


wwwsciencemag.org 


PROFIL 


ANDREW BLAKERS AND KLAUS WEBER 


Eureka Moment Puts Sliced 
Solar Cells on Track 


Stuck with conventional technology, a pair of Australian researchers hit 
upon a way to take silicon cells somewhere new 


train ride through the Scottish country~ 
ide to historic Edinburgh would not 
seem an ideal occasion for lashes of scienifi 
insight, But that setting produced a eureka 
‘moment for photovoltaics researchers Andrew 
Blakers and Klaus Weber. While clattering 
along ina rocking carriage. the two Australian 
National University (ANU) scientists con- 
ceived a new way of making solar cells that 
promises to reduce the cost of panels by 
much as 75%, Instead of trying to make the 
wafers used in solar cells thinner to save on 
expensive crystalline silicon, they start with a 
thick wafer and divide it into thousands of 
Jong, thin slices that they dub SLIVERs. 
“The SLIVER cell isa highly original 
approach, the best way yet suggested of mak- 
ing small, efficient solar cells.” says Martin 
Green, a photovoltaics expert at the University 
of New South Wales in Sydney. Australia. A 
pilot plant in Adelaide is now producing 
SLIVER cells, and full-scale commercializa- 
tion could be just 2 years away. The SLIVER 
cost advantage comes from dramatically 
reduicing the use of expensive monocrystalline 
¥ silicon, the material of choice for solar cells 
because ofits relatively high efficiency incon 
§ verting solar energy into electricity 
3 Researchers around the world are racing 
8 


to find ways to minimize the amount of sili- 
con needed. In the traditional approach, they 


‘cut round wafers from a cylindrical silicon 
ingot and add dopants and coat 
surface. To reduce silicon use, some groups 
are exploring : others are 
trying to form thin films of monocrystalline 
silicon on a substrate. Blakers and Weber 
were trying to push the limits of conven- 
tional silicon technology. 

Blakers, 51. has worked on photovoltaics 
since his student days. He earned his Ph.D. 
and did his initial postdocs at the University 
‘of New South Wales under Green, whose 
group holds the efficiency recond for silicon 
solar cells. After a stint at the Max Planck 
Institute for Solid State Physics in Stuttgart, 
Germany, Blakers set up a silicon photo- 
voltaics research lab at ANU in Canberra. 
When other re: 
beyond silicon, Blakers and h 
they were held back by finding 
to explore what the possibiliti 
the constraints we had.” says Weber. 
joined the lab asa Ph.D. stu 
is now a senior lecturer. 

The two were pondering those possibili- 
ties on that Scottish train in 2000 en route toa 
conference 


the moment of inspiration. It took just a cou- 
ple of months of work back in the lab to pro- 
duce their first SLIVER cells 
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Their technique starts with a silicon 
wafer | or 2 millimeters thick, They etch 
slots completely through the wafei 
on strips connec 

wafer in something that resembles a circular 
grill. They then dope, metallize, and coat 
grill to produce photovoltaic cells, 
the strips from the wafer, and | 
them on their side sulation, Each 
strip forms a SLIV » t0 100 milli- 
meters long, | or2 millimeters wide, and 40 
to 60 micrometers thick 

Processing wafers this way produces cells 
that contain just one-tenth the silicon used in 
normal solar cells with the same surface area, 
And that will cut the cost of finished modules 
from the current $4.50 per watt to something 
approaching $1 per watt, Blakers says. 
Because the process treats both sides of the 
SLIVERs, they could be used in applications 
to capture both direct and reflected light 
Spaced SLIVERS ina glass sandwich create a 
transparent panel that could act as window 
glass while still generating electricity. And 
because they are thin, SLIVERS are flexible 
enough to be used in roll-up solar panels, 

Origin Energy, an Australian natural gas 
and electricity generator and supplier, 
licensed the SLIVER technology in 2003 and 
built a pilot plant in Adelaide that, compat 
spokesperson Tony Wood says, has verified 
that SLIVERs can be produced reliably and in 
quantity, Wood says Origin is now in discus- 
sions with “a small number” of potential part- 
ners to scale up production, The commercial 
plant they plan to announce later this year will 
likely be in Europe or North America to be 


closer to markets and to take advantage of 


government incentives for alternative energy 

Wherever SLIVERsare made, “there are 
important niche applications for this 
approach, such as in powering portable 
equipment,” says Green, who is working on 
a rival technique to reduce silicon usage. 
But, he adds, “I think a factor of 4 clearly 
would be an overestimation of any cost 
advantage.” He notes that handling the 2000 to 
3000 SLIVERs created from each water 
poses a manufacturing challenge. 

Blakers foresees cost gains for the 
SLIVER technology when it moves to mass 
production. As for handling the SLIVERs, he 
says they have devised a simple scheme that 
works “without robots, machine vision. or 
pick-and-place equipment.” He promises that 
the proprietary process will be revealed at 


conferences sometime this year, and it’s noth- 
ing that couldn't be imagined on a train ride 
through Scotland, DENNIS NORMILE 
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PROFILE: CLINT CHAPPLE 


Soft cell. Chapple’s work 
in poplar suggests a 
cheaper source of ethanol. 


How to Make Biofuels 


Truly Poplar 


Clint Chapple has long reveled in the details of plant biochemistry. 
Now he’s finally getting his hands dirty 


jAcaaar it me tiie alas of 
plants, Clint Chapple never expected to 
cconduict research requiring a diesel excavator 
and a greenhouse for growing trees. 

But that's where Chapple now finds him- 
self as he explores whether poplar trees 
could replace corn as a erop for making 
ethanol for fuel. Over the past 15 years, 
Chapple, a plant biochemist at Purdue Uni- 
versity in West Lafayette, Indiana, 
redrawn the map of a key metabolic pathway 
in plants—work that has won him a solid 
reputation among academic researchers. Yet 
plant scientists such as him have long 
remained second-class citizens in the life 


sciences funding game. Now, however, with 
the government embracing biofuels, basic 
researchers such as Chapple are finding 
themselves thrust out of their academic 
loisters and into the spotlight. 

t's like they say—the right place at the 
right time.” says Chapple, 47. But Chapple's 
onetime mentor Chris Somerville, a bio- 
chemist at Stanford University in Palo Alto, 
California, says Chapple is being modest. In 
fact, Somerville says, Chapple hats continually 
exploited unanticipated influences on his 
career—$70-a-harrel crude oil being only the 
latest, A fascination with plants’ “amazing 
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chemical repertoire” led to graduate work in 
biochemistry for Chapple, who arrived at 
‘Somerville’s lab in 1990 with no training in 
genetics. Buthe quickly leamed enough toc! 

ate mutants of the model species Arabidopsis 
and develop a promising metabolic method of 
characterizing polysaccharides in the cell wall 
(Science, 20 August 1993, p. 1032). 

A related side project led toa discovery in 
the pathway that creates lignin, a crucial cell 
‘wall stiffener and, behind cellulose, the sec- 
ond most abundant polymer on Earth. That 
find. a description of the enzymatic step that 
leads to both straight and branched forms of 
lignin, helps explain why certain plants break 
down more easily than others. Over the next 
15 years. Chapple uncovered key genetic 
‘mutations and steps in the pathway. amount- 
ing to a “huge” contribution, says chemist 
and colleague John Ralph ofthe University of 
Wisconsin, Madison. 

Lignin isa nuisance to ethanol makers.as, 
it blocks enzymes from getting at the cellu- 
lose to break it down to make ethanol. So the 
US. Department of Energy wants Chapple 
to see how cells modified to make different 
kinds or amounts of lignin could help poplar 
onomically with corn as a feed- 
the 3-year, $1.4 mil- 
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lion project is for Chapple to create the 
DNA tools with which lignin deposition can 
be modified. Next, Purdue's Richard 
Meilan, a transgenic tree expert, will gener- 
ate transgenic tree saplings, and chemical 
engineer Michael Ladisch will evaluate the 
difficulty of recovering cellulose from each, 
“It dovetails so nicely with the work I've 
done.” Chapple says. 

The applied nature of the work is a new 
twist for Chapple, who says he “always 
assumed someone else would do it” Experts 
the research is not groundbreaking in 
terms of basic science, but it does carry 
risks. Chiefamong them is whether the pub- 
lic will reject transgenic trees. Researchers 
are buoyed by widespread U.S, acceptance 
of modified food crops, now common in 
US. grocery products. But remaining Euro- 
pean resistance and Greenpeace U.S.A.’s 
belief that transgenic trees are a “danger in 
the woods” make supporters such as bio- 
chemist Shawn Mansfield of the University 
of British Columbia in Vancouver, Canada, 
believe it could be “a hard sell.” 

One part of Chapple’s answer is to find 
metabolic fingerprints for the transgenic 
ceties the team grows, That information might 
enable researchers to find similarly valuable 
trees in natureand breed them, But that points 
to another challenge: the “nightmare,” 
Meilan puts it, of teasing apart the myriad 
peaks on chromatograms to nail down which 
part of the fingerprint corresponds to the 
handful of critical metabolites out of thou- 
sands that plants make. 

Colleagues say Chapple has the right 
makeup for the job, and he’s included in the 
project consultations with experts on the 
societal and ethical impacts of the work. 
Despite Chapple’s limited experience in 
working with industry partners, for exam- 
ple, Meilan says Chapple wisely addressed 
concerns of visiting company officials by 
emphasizing Purdue’s experience with 
government regulators. 

Regardless of how effectively Chapple’ 
team overcomes the obstacles to making 
poplar a legitimate fuel erop, one thing is 
clear: Plant scientists are being lavished with 
newfound attention and cash, Just as gratify- 
ing, says Chapple, are the shifting attitudes of 
his department's graduate students, who he 
sys have usually viewed research on plants 
as less attractive than biomedical pursuits, “1 
never considered plant sciences befor 
Anion Tliuk. a first-year Purdue graduate stu- 
dent in biochemistry. “All ofa sudden it feels 
very exciting” ~ELIKINTISCH 
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PROFILE: DEBRA ROLISON 


Small Thinking, Electrified Froth, 
And the Beauty of a Fine Mess 


An electrochemist seeking better building materials for power-generating 
formance disorder” 


devices hymns the virtues of “high-pe 


or someone who works for the US. Navy, 

Debra Rolison doesn’t mind rocking the 
boat. Ask her about fuel cells, and she wastes 
no time telling you that the way most other 
chemists build their electrodes—stacking 
regular crystals into structures tens of 
micrometers in size—is the wave of the past. 
The future, Rolison predicts, will be both 
smaller and messier. 

“We've lived too long in the age of 
masonry, the glop-and-slop approach to m. 
ing things like batteries and fuel-cell electrode 
structures,” she says. On the nanoscale 
Which chemistry hi 
a 


pens, however, materials 


a far ery from tidy brickwork. They're 
shot 


badly mixed, irregularly structure 
through with holes. Chemists must ha 
that irregularity, Rolison says, to build better 
devices from the bottom up. 

“She makes people think.” says Henry 
White, an electrochemist at the University of 
Utah in Salt Lake City. “Even if you don’t 
agree with her, she can really stir things up and 
imake things happen. 

What has stirred Rotison, $2, up for the 
past 36 years is chemistry. She says her pi 
sion ignited when she studied the subject in 
high school and realized that she had “an 
instinctive understanding of redox reae- 
tions.” She sailed through college in 3 years 
(almost two") and in 1980 received her 
Ph.D. from the University of Noth Carolina, 
Chapel Hill. Uninterested in an academic 
career but wary of chemical companies’ rep~ 
utation for shunting women scientists into 
management jobs, she signed on as a 
research chemist atthe Naval Research Lab- 
oratory (NRL) in Washington, D.C. She has 
been there ever since. Now, as head of NRUs 
Advanced Electrochemical Materials Sec- 
tion, Rolison supervises two staff scientists, 
four postdocs, and usually a couple of under- 
graduate researchers, “We're small, but we 
have our fingers in a lot of pies.” she says. 

Rolison’s team first broke the crust of 
research in the mid-1990s, with a 
Defense Advanced Research Projects 
project to create new high-performance cata~ 
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‘New wave. Rolison says unconventional materials 
‘may hold the key to higher-powered fuel cell 


lysts for m 
lysts promote reactions ata fuel cell’stwo elee- 
trodes: the anode, which strips protons and 
ell’s fuel (hydrogen or a 
ical), and the cathode, 


anol-powered fuel cells. Cat 


electrons from the 


cell can form its main waste product. water. In 
combination, the reactions create an electrical 
current that can be harnessed for power. Better 
catalysts mean more power. 

In an early project. Rolison’s lab seruti- 
nized nanoscopic bits of platinum-ruthenium, 
a popular electrocatalyst for direct oxidation of 
‘methanol. The material was “a mess.” Rolison 
says: a carpet of ruthenium oxide festooned 
with water molecules, overlying a platinum- 
rich core. Yet it was a better catalyst than 
orderly platinum-ruthenium alloy. “Nature 
‘was creating an optimal intersection for 
adsorption and charge transport,” Rolison 
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says. Since then, she has kept an eye out for 
\se8 of “high-performance disorder’ 
That fascination with messiness drew 
Rolison to aerogels, rigid but incredibly light- 
weight materials riddled with nanoscopic 
pores. Rolison and colleagues brew their gels 
so that the pores (which make up about 80% of 
the materials) stay connected, creating 
labyrinths of tunnels through which molecules 
can pass almost unhindered. A cubic centi- 
meter of aerogel may contain a total surface 
area approaching 100 square meters—just the 
sort of “real estate” you need in catalytic el 
trodes, Rolison says. Her lab and others are 


‘working on lining the minute tunnels with 
electrocatalysts. Ifthe 
electrode would form a three-dimensional 
(3D) matrix unlike anything currently in use. 
When this was fist proposed, it ook alot 
of criticism as being pu 
says White, who also investigates 3D electro- 
chemical systems, But now, he says, main- 
stream enengy researchers are taking Rolison's 
ideas seriously, One is Ralph Nuzzo, a chemist 
Who researches fel cells at the University of 
Minois, Urbana-Champaign, Ifanything, he 
wams half-jokingly, a 3D enengy device risks 
being roo effective: “You have to find a way to 
make it work without being a bomb.” 

Off the job, Rotison has been known to lob 
a few metaphorical bombs herself. Since 
1990, she has campaigned forcefully on 
issues affecting women in science, including 
childcare for university researchers and 
efforts to close a statistical “gender gap” in 
the upper ranks of scientific leadership, 
(Both Rolison and NRL representatives 
stress that she undertakes these activities on 
without the labs involve: 
ment.) In 2000, in an editorial in Chemical & 
Engineering News. she called for the 
USS. government to enforce equality in uni- 
versity chemistry faculties by invoking Title 
TX, a law that withholds federal funding fom 
schools found to discriminate against women, 
Her take-no-prisoners approach makes some 
colleagues uneasy. but Rolison says sh 
“unrepentantly unapologetic” about it, “I've 
yet to understand the squeamishness by so 
scientists and administrators with 


e science fiction, 


ma 


regard to obeying the law." she says 


‘When it comes to the laws of nature, 
Rolison is more patient, It could take years, 
she acknowledges, for her nanoscale 
approach to electrochemical devices to bear 
fruit, “We're at the very bottom of the moun- 
tain for fuel cells.” she says—but that just 
means the best scenery is still ahead. 
ROBERT COONTZ 
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WHEN SHE WAS GROWING UP ON A 
2-hectare farm in Monticello, Illinois, Emily 
Heaton bottle-fed orphan calves and helped 
chutes, Now 28, Heaton 
with Ceres, a plant and 


move cattle thro 


an agronomi 
biotechnology company in Thousand Oal 
California, and 


sees her job in developing 


new biofuel feedstocks as a way to save a 


dying breed: family-owned farms 
Specifically, Heaton focuse 


Miscanthus, an incredibly hardy gras 


gr 
widely studied as a 


ws to a height of 4 meters and has be 


jofuel feedstock in Europe 
but notin the United States. 
Heaton conducted as an undergraduate at the 


Aresearch project 


University of Illinois, Urbana-Champaign, in 
2001 showed th 
‘outcompete current American feedstocks of 


he grass could possibly 
choice, including switchgrass. “It was a very 
simple project, but it had never been tried, 

she 


ys of the effort, which the state of Illinois 
funded in an effort to encourage biofuels, 
The work has led to a 40:pi 


mn pr 


biomass crops at the university and launched 
Heaton lecting breeds for Ce 
‘eventually sell, She hopes th 

small farms the dl 
Miscanthus for local biorefineries, 
plenty 1 


work could give 


ance to produce 


There's 


er to contribute 


for any 
Heaton. She is also trying to create new 


varieties of feedstocks that can survive tough 


Conditions, “I really get to make new plants, 
she says of her job. Her father, John Caveny 
is also getting in on the act, He maintain 
O.6:hectare stand of M that he 


calculate carbon flux for farmers seeking cred: 


canthu 


its for carbon sequestered in plants or soil 
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CRITICS OF 
flo 


WIND POWER OFTEN POINT OUT that when the wind doesn’t blow, the current doesn’t 
-ompany has come up with a novel solution to that problem: a 
rid linking offshore wind farms all around the coasts of Europe, from the Baltic 
far enough apart to be in differ 


fe around the grid. 


to the Mediterranean in the South. With wind farm 


ather systems, it will always be windy somew 
Airtricity, a developer and operator of wind farms in and around Ireland and the United Kingdom, 
1 Arklo 


,a of a European Offshore 


including the 520-me 


the 


Bank project under construction in the Irish Sea, came up with 
pergrid in 2001. 
tanned along the coasts of Germany, the Netherlands, the U.K., and other countries. These gener 
wind farms to a grid that 
the Baltic, and then, via the English Channel, the Irish Sea 
Ireland, From there Bay of Biscay 


re are now many offshore wind farms built or 


ally only serve domestic markets, but the Supergrid proposes hooking 
t the North Sea, int 


and the Atlantic coast o 


extends through 
the grid would extend south across the 


insula into the western Med 


and then over the Iberian 
t bed for th 
North Sea, to supply electricity to the U.K., the 
consist of 200 
Its 10 gigawatts would 


echnology, Airtrcity is proposing to build a huge wind farm in the southern 
Netherlands, and Germany. Dubbed the 10GW Foun: 
turbines, each capable of generating 5 megawalts, and would 


dation Project, ity 
cover 3000 
homes. “Good wind resource, shallow water, high demand, countries interconnected: 
together in the southern North Sea,” says Chris Veal, head of the Supergrid project with Airtricity 

ing support for the project from the three national governments as well 
widing zero-carbon sustainable power, the Supergrid has 


are kilometers. 


enough to power more than 8 million 


it all comes 


Airtricity is currently se 


as the European Union. Apart from pi 


another advant wer around the E.U. Most elec 


Itwould provide a ready-made way of moving pc 
tricity in Europe tributed by national power companies. There is little trade across 
borders—something that the E.U. is trying to encourage. “The European Commission and members of 
the European Parliament all thought it was a good idea. It ticks so many boxes,” Veal says. Building 
offshore is ex British Wind Energy Association, but although 
ost of energy is increasing. “There will be 

DANIEL CLERY 


nerated and 


Cooper oft 


nsive, poin 
the economics of the Super 
I say, This is 


(grid mig 


upnow, the 


a point when someone w brainer 
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PROFILE: DANIEL NOCERA 


Hydrogen Economy? 
Let Sunlight Do the Work 


Looking for a clean way to produce hydrogen, Daniel Nocera wants to run 
a fuel cell backward, powered by sunlight 


‘ydrogen seems like an ideal fuel. Com- 

bine it with oxy a fuel cell, and it 
produces water and electricity, without the 
noxious pollutants that a iny the burn- 
ing of most fossil fuels. But it has a dark side: 
Although there is plenty of hydrogen around. 
it’s bound with other atoms in complex mol- 
ecules, and it takes large amounts of energy 
to strip it free, Moreover, most hydrogen 
today is made from fossil fuels, releasing 
vast quantities of carbon dioxide in the 
process. Daniel Nocera is hoping to change 
that, The Massachusetts Institute of Technol- 
ay (MIT) chemist is looking for new ways 
to use sunlight to split water into oxygen and 
hydrogen. In essenve, Nocera is trying to run 
4 fuel cell in reverse, “Why can't we reengi- 
ner the fuel cell backwards?” he asks. "Con- 
ceptuilly, its very easy.” 

His quest had a colorful start, Like many 
fellow Grateful Dead fans with their tie~ 
dyed T-shirts, Nocera, 49, was fascinated by 
colors when he was growing up—not by the 
colors themselves, however, but by the 
processes that lie behind them. “I wanted to 
understand the colors of materials,” Nocera 
says. And that sparked his interest in chem- 
istry. In between going to some 80 Dead 
shows, he learned that the colors we see are 
driven by which frequencies of light are 
absorbed and reflected by ials. When 
that light is absorbed, it kicks electrons out 
of their relaxed state, sending them into a 
dancing frenzy. As they return to their rela- 
tive rest, they give off heat. By the time 
Nocera was a graduate student at the Cal 
fornia Institute of Technology in Pasadena, 
he was wondering how he could design sys- 
tems to capture electrons excited by sun- 
light and use them to make fuel. “Right out 
of the blocks, I was interested in solar 
energy conversion,” Nocera says. Or, as 
Deadheads might put it, finding a way to 
hold onto the light. 

Plants do this by photosynthesis: Two 
ive protein complexes split water and 
carbon dioxide and forge new energy-storing 


Uphill battle. Nocera hopes to find new catalysts that 
harness sunlight to make hydrogen fuel. 


bonds in sugar molecules, At the heart of the 
process is the hamessing of electrons excited, 

ight. Nocera is looking for novel 
these tasks 


e years ago, he and then-graduate stu 
dent Alan Heyduk designed a ruthenium- 
based catalyst that uses light energy to strip 
protons and electrons from an acid and stitch 
them together to make H, molecules. 
(They're still trying to find a cousin that 
does the same thing with water rather than 
aan acid.) But that was the easy step. It even 
more difficult to grab lone oxygens liberated 
by splitting water and link them together to 
form O,—a step that would be needed to 
complete the water-splitting reactions and 
maximize the efficiency of the process. 
“That requires a certain organi 
Heyduk, now a chemistry pro! 
University of California, Irvine. And it’s one 
of the reasons there's been so little progress 
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in recent decades in devising catalysts that 
turn out O, 

But there could soon be a new glimmer of 
progress. Nocera says his group is close to 
publishing results with a new ruthenium- 
‘based catalyst that absorbs light and uses the 
energy to stitch oxygen atoms together to 
make O,. The new catalyst isn’t very effi- 
cient yet. But it works the way he expected it 
to, Nocera says, which gives him confider 
that they're beginning to understand how to 
control the motion and bonding of different 
atoms with their new catalysts, Although 
Heyduk says he hasn't heard the details of the 
new catalyst yet, “any system where they can 
turn water to 0, isa huge advance because of 
the difficulty of the problem.” 

Nocera acknowledges that even this and 
‘other advances his group has made are baby 
steps compared to what's needed for an 
industrial version of the technology. One 
problem is that Nocera’s catalysts thus far 
contain ruthenium, a rare and expensive 
metal, But Nocera is hoping to find cheaper 
materials that work as well, He recently 
launched « new project with MIT colleagues 
to synthesize a multitude of novel me 
oxide compounds for testing as possible 
\water-splitting catalyst. 

A handful of other groups around the 
World are engaged in related efforts. One 
approach pursued by researchers at the 
National Renewable Energy Laboratory in 
Golden, Colorado, for example, uses semi- 
conductors to absorb sunlight and create 
electrical changes that are then used to split 
water. Although this approach is currently 
more nt than Nocera’s catalysts, the 
semiconductors needed are still to0 costly to 
be commercially viable. At this point, 
Nocera argues, all such strategies are worth 
pursuing. “I'm not sure what the winner will 
be that is able to make energy without 
adding extra CO, to the atmosphere,” 
Nocera sys. iling of energy R&D for 
the last 30 years in the United States has 
‘been that it has been treated as an engineer- 
ing problem, with a litle ‘r’ component and 
a big *D! There needs to be an *R' bigger 
than the *D. There are whole new areas of 
science and engineering that need to be dis- 
covered to solve this problem.” 

Still, Nocera is convinced that the broad 
community of researchers now being 
inspired to find a carbon-neutral source of 
energy will succeed, “I'll guarantee it.” he 
says. “I think science can deliver a cheap and 
efficient solution. I believe it deeph 
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PROFILE: 


STEVEN KOONIN 


Guiding an Oil Tanker Into 
Renewable Waters 


Steven Koonin gave up academic life in California for the harsh realities 
of the energy industry, and he’s having a whale of a time 


LONDON—Steven Koonin’scareer took a sur- 
prising turn in 2004. After nearly 3 dey 
as an academic theoretical physicist, includ- 


ing 9 years as provost of the California Insti- 
tute of Technology (Caltech) in Pasad 


he 
pulled up his southern-California roots and 
moved to London to become chief seientist of 
the oil company BP. But his new role is not all 
about oil. BP was the first major oil company 
to acknowledge publicly that people may be 
causing climate change. Now, committed t0 
move “beyond petroleum.” it is complement- 
ing oil exploration with investment in solar 
and wind power, clean coal technology, and 
biofuels. Koonin’s job is to help allocate BP's 
$500: plot its 


about the energy challenges facing the world. 
“Sometimes I feel like I’ve got the most won- 
derful job in the world.” Koonin says. 
Speaking in BP's smart 
St. James Square, Koonin, 


cadquarters in 


reflects on a 
career that has also taken him into climate 
research and science advice, “I like finding 
‘out about the way the world works, and ... 1 
He's a quick study 


-policy experts are 
impressed by his knowledg 
tially a new field to him, “He's risen to the 
mous influence in the 


of what is essen- 


nd has en 
.* says physicist Emest Moniz of the 
Massachusetts Institute of Technology (MIT) 
in Cambridge, a former Department of 
Energy undersecretary who also sits onan 
advisory panel for BP. “He’s well past the 
hump on the learning curve.” says solar physi- 
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cist Philip Goode of the New Jersey Institute 
of Technology in Newark. 

Koonin was born and raised in New York 
City, educated at Caltech and MIT, and joined 
the Caltech faculty in 1975 specializing 


nuclear and many-body theory. Compu 
were developing rapidly at the time, and 
Koonin found “lots of things to apply comput- 
methods to.” Atone point, he says, a repr 
sentative from IBM offered him a new device 
Hed personal computer to see if he © 
find uses for it, In the mid-1980s, he 


dvises the gover 


ment on science and technology. 


Alive to the challenge. Koonin wants to “do 
biofuels right.” 
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Some work for JASON led to the E 
an effort to monitor Earth’s 
how much earthlight 
falls on the moon’s dark face. “Earthshine 
helps us to understand the role of clouds, 
mate?” says Goode, Koonin’ collaborator 

After he became Caltech’s provost in 
1995, Koonin oversaw a major overhaul of 
the institute's biological sciences and expan- 


sion of neurosciences, as well as its involve~ 
‘ment in projects such as the Thirty Meter 
Telescope, But in 2003 when a colleague told 
him BP was looking for a chief scientist, he 


decided to take the plunge. “I wanted to find 
‘out how the private sector works," he says, and 
energy “was, 


o be interesting.” 

Koonin says he spent his first year and a 
half in the job learnin 
that changed his views, 
about climate change a few years ago. Now 
T'vecome round more toward the IPCC views" 
(The Inte yental Panel on Climate 
Change has concluded that temperatures are 
in part as a result of human activity.) 


about enemy, a process, 


1 was more skeptical 


Like most energy pundits, he sees no silver 
bullet that will 
. but “some: 


We the planet from climate 
mmo has.a bigger caliber 


others.” He advocates larg efforts 


in carbon sequestration at fossil fuel-burning 
ration of nuclear 
ons, And he says it would be “irre: 


plants, as well asa new g 


power sta 
sponsible” not to investigate other ways to 
deal with global warming. such as geoengi- 
y Earth’s reflectivity by 


i: inereasi 
pumping material into the upper atmosphere. 
One area claiming much of his attention 
biofuels, Current biofuel efforts, he argues, 
are strapped onto agricultural food produe- 
Koonin wants to 
janize geneticists, biotechnolog 


tion and are “not optimal 


cultural scientists, engineers, and others to 
do biofuels right.” BP has put up $S00 mil- 
lion over 10 years to create an Energy Bio 
sciences Institute (EBI), Five universities are 
vying for this prize, and the winner should be 
announced by the time this issue is published 


This initiative has won plaudits, “Koonin 
thought hard about how to structure the EBL 
it will have a lot of impact,” says carbon 
sequestration expert Robert Socolow of 


Princeton University. “BP has made a com- 


mitment to go big in energy biosciences. 1 
doubt this would have happened without 
says Moniz, 

sd with the buzz the EBL 
neticists are talking to 
Researchers are 


chemists and 


comil 


live to the challenge.” he says. 
DANIEL CLERY 


PROFILE: TARIQ RAUF 


Treading the Nuclear 
Fuel Cycle Minefield 


Tariq Rauf has the unenviable job of making IAEA's international fuel 


bank work. And the clock is ticking 


VIENNA, AUSTRIA—Nuclear 
\weapons capability could spre 
to a8 many as 30 more countries 
in the comin Wes if the 
trade in nuclear fuel continues on 


its present course, according to 


Mohamed ElBaradei, director 
general of the International 
Atomic Energy Ageney (IAEA), 


But this frightening scenario 
might be avoided if the “haves” 
could agree on a better scheme 
for sharing fuel production with 
the “have-nots,” A number of 


proposals have now been put for- 
ward to allow countries to use 


nuclear energy without acquiring 
centrifuges of their own for 
enricl 

Amon; blishment of an 
IAEA-controlled international fuel bank 
from which all countries could draw. That 
plan gota boost last year from the U.S.-based 
Nuclear Threat Initiative (NTI) an independ 
cent group backed by USS. billionaire Warren 
Bulett, The NTI pledged $50 million to set 
up the bank, as long as IAEA secures another 
$100 million, or the equivalent in nuclear 
fuel, by September 2008. 

So far, no one has put mon 
the table, and the whole idea remains intensely 
controversial. “Whether the US. would actu- 
ally place its [nuclear] material under full 
IAEA control remains to be seen,” says Frank 
von Hippel. nuclear policy expert at Prince 
ton University. Mathew Bunn, 3 nonprolifer- 
ation specialist at Harvard University 
bank has “a better-than-even c 
set up. Others, however, 
the terms being offered. “Forgoing uranium 
enrichment in order to obtain security of sup- 
ply is not an acceptable option for many non- 
nuclear countries,” says José Goldemberg, a 
expert at the University of 


‘uranium. 


these is the es 


or fuel, on 


‘are 


nuclear fuel eye! 


§ Sto Paulo, Brazil 


Atthe center of this storm sits Tariq Rauf, 
the 55-year-old head of IAEA's Verification 


nd Security Policy Coordination sectic 
and coordinator of the [AEA firel-bank proj~ 
ect. Science met with Rauf, a Canadian with 
Pakistani parents, in his office at IAEA 
headquarters here in the Austrian capital 

“JOHN BOHANNON 


9: Why is a fuel bank needed? 
This whole thing started in the fall of 2003 
when our director general [Mohamed 
E1Baradei] drew attention to the fact that 
nuclear enrichment and reprocessing tech- 
y are in too many hands. Today. thei 
are eight to 10 countries with the capability 
to enrich uranium and about the same num- 
ber that can reprocess spent fuel to make 
plutonium. The question is whether fuel 
production will be restricted to these cout 


tries or whether new ones will enter the 
market. The issue is that the same technol- 
ogy can be used both for nuclear energy 
and a nuclear weapons proy 


am. 


Q: Why would a nuclear hopeful nation 
want to enroll? 

For one thing. enrichment and reprocessi 
are very expensive activities. Setting up an 
enrichment plant isn’t economical unless 
you have eight to 10 nuclear power reactors. 
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Some countries do not need so many. This 
brings up the conundrum: Do you make or 
do you buy [nuclear fuel]? So the [fuel bank] 
idea is to have a system whereby [countries] 
first go to the market to buy fuel. and if they 
are unable to because of political re 
then they would come to these asst 
supply mechanisms, It’s like if you have 
bought a ticket from an airline and that a 
line company goes belly-up. 
will honor that ticket 


ne 


Q: Besides the political differences, are 
there technical challenges? 

The challenge is to have it be multinational 
without a transfer of technology. For exa 
ple, if you had six countries taking part, the 
enrichment technology mi 

from the Europeans, and [they] would run 
the technology. The other countries are part 
ement andl operational side 


Q:So scientists and technicians from every 
country would not be involved? 

They could be involved, but they wouldn't 
all be sitting in the [enrichment] cascade 


halls. None of these multinational schemes 
ise of enrichment or 


envisions the expe 
reprocessing being transferred to counties 
that don’t have these technologies already. 
Isas if you bought shares ina company like 
Toyota. You're interested in the product, 
which in this case is the enriched uranium 
coming out. You really don’t need to know 
how the production line works, 


Q: What role is IAEA likely to play? 
One of the criticisms is that this is a 
plan from the [AEA to expand and be a 
supercontrolling ageney, ... But we don’t 
want to set up an empire, If we do set up an 
IAEA fuel bank, we would likely contract it 
out to industry. 


Q: What might a nuctear renaissance mean 
for nuclear science? 

The intake of people studying nuclear sci- 
ence in universities has been declini 
which has made a smaller and smaller 
pool of nuclear-educated people avail- 
able. That has also made life difficult for 
[the IAEA] because we need inspectors 
and other staff with nuclear expertise 
Many of us hope that a nuclear renais- 
sance will mean that nuclear will no 
longer be associated with being unsafe 
and that this will encourage students. The 
world certainly needs more people with a 


nuclear science education. 
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Norway: A Nuclear 
Demonstration Project? 


EGIL LILLESTOL IS A MAN WITH A RATHER 
unusual mission: He wants his homeland of 
Norway to take the lead in developing a new 
form of nuc 


ar power. Norway is Europe's 
largest 
oil and 


troleum exporter, from its North Sea 


as fields, and Lillestol, a physicist at 
the University of Bergen, believes the country 
needs to do something about its carbon emis 
sions. Norway has little experience with nuclear 


power but has one of the world’s largest 


horium. Lillestal says Norway 
afe form of 


reserves of 
should pioneer a new, inherent 


‘nuclear reactor called an energy amplifier that 
on thorium, “It would be a good thing to 


+ Loptions] to stand on,” illest say 
Carlo Rubbia, a Nobels and former director 
general of Europe's particle physics lab CERN, 


championed the idea of the energy amplifierin 


the 1990s, and CERN researchers developed a 
design and tested some of the key ideas. A con: 
ventional fission reactor holds enough fissile 
material for a nuclear chain reaction to take 
place; neutron-absorbing rods ensure that the 


reaction doesn’t run out of control, although 
this always remains a risk. The energy amplifier 
doesn’t have enough fissile material to sustain 
a chain reaction, Instead, an accelerator fire 
into the fuel, prompting 


high-energy particl 


a cascade of fission reactions and producing 
heat. The amount of heat is proportional to the 
intensity of the beam, and the accelerator can 


be designed so that the amplifier can never 
overheat. Although the amount of waste pro 


duced fs expected to be low, particle accelera 


tors aren't cheap, and 


with the necessary 


built 
Lillestol wants Norway to pioneer this form 
‘gy by funding and ho 


power has never be 


of 
vp 
has made it a personal crusade to win over the 
No 

says he m 
week. Although the governn 


sting a proto 


at a cost of about €550 million—and 


jegian public and government. Lillestal 


two or three presentations a 
int is wary of 


nuclear power, after a debate in th 
assembly, the energy minister call 
in-depth study. Norway isin a uni 
to unde 

hhas been squirreling away oil revenue and has 


national 
for an 


ue position 


jake such an enterprise because it 


now amassed a fund of some $250 bil 

CERN’s Jean-Pierre Revol, wh 
the energy amplifier at CERN, s 
has made “a lot of pol 
Norway. Renewed interest in nuclear po 
generating curiosity about this technology. 
Revol says: “Ifit starts to fly, everyone will want 
to be part of it. DANIEL CLERY 


L progress” in 


 PHOTOVOLTAICS IN FOCUS 


NEGEV DESERT, ISRAEL—What looks like an upside-down umbrella made of mirrors isthe future of 
renewable eneray—at least according to its creator, David Faiman, a physicist who directs the Ben 
Gurion National Solar Energy Center here, Photovoltaic cells have been around for decades, but 
they've never been competitive with fossil fuels. Faiman claims to have found a way to slash the price. 
“This technology is areal contender asa solution to the world’s energy problem,” says physicist Robert 
‘McConnell of the National Renewable Energy Laboratory in Golden, Colorado, 

The secret ingredient is perched at the focus of his 10-ton reflector: a square grid 10 centimeters 
across called a concentrator photovoltaic (CPV) cell. Instead of spreading solar panels across a broad 
area to capture photons, Faiman uses a reflector to concentrate the light 1000 times onto a small tar 
gel. Traditional silicon-based solar cells can't handle the heat, but a gallium arsenide-based cell 
developed by a team at the Fraunhofer institute for Solar Energy Systems in Freiburg, Germany, 
“actually works far more efficiently at higher temperatures,” says Faiman. By using a concentrating 
reflector, the system makes best use of its most expensive component, the CPV cell, which Faiman 
estimates can reach 40% efficiency at converting sunlight to electricity. With this system, Faiman 
believes he can build a power plant for less than the magic number of $1000 per kilowatt of electri 
‘al capacity. “Getting the price that low is feasible, but only on a large scale,” says McConnell, “and 
there's & long way to go from this stage.” 

Large is exactly the scale Faiman is thinking along: spreading 20,000 CPV cells over an area of 
12 square kilometers to generate 1 gigawalt. With mass-produced CPV cells, Faiman estimates the cost 
at $1 billion. “Considering the savings, the system can pay for itself within 2 decades,” he says. The 
team is hoping to make it happen sooner by increasing the efficiency of the CPV cell, for example by 
adding extra layers of solar cells that capture a broader range of the wavelengths. 

JOHN BOHANNON 
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PROFILE: JAY KEASLING 


Rethinking Mother 


Nature's Choices 


Jay Keasting believes ethanol is a poor biofuel. So he’s going to get 


microbes to make something better 


here are wood reasons gaso- 
line has been king of the road 

for more than @ century: It packs 
lotsof energy for its volume, and 
it’s stable, transportable, and 
noncorrosive. Alternative fuels, 
ike ethanol, havea hard act to fol- 
low, Unlike gasoline, which is a 
collection of medium-length 
hydrocarbons, ethanol is short- 
chain alcohol, sporting a less 
‘energetic carbon-oxygen bond 
alongside some of the power 
packing carbon-hydrogen bonds 
Of gasoline. It delivers about 
30% less energy by volume than 
gasoline, Its still useful asa gaso- 
line additive for cars, but it can’t 
do itll. “We're not going to be 
putting much ethanol in planes.” 
says Jay Keasling, a chemical 
engincer at the University of 
“alifornia, Berkeley. and the 
Lawrence Berkeley National Laboratory. “We 


nature didn’t give it to us’ 

But, says Keasling, “we don’t have to 
accept what nature has given us.” Keasling is 
trying to force nature to reconsider her 
options, and his too! of choice is synthetic 
biology, in which researchers add and remove 
re biosynthetic pathways to the genomes 
of organisms to get them to produce better 
drugs, materials, or—perhaps, one day 
fuels, Keasling is one of the discipline’s 
leading advocates and practitioners. And he's 
betting that by inserting novel pathways into 
yeast and other microbes, they could produce 
jong oil-like hydrocarbons, or shorter versions 
called alkanes that can be stitched together by 
means of simple chemical processing. 

No one has been able to do this yet. but 
Keasling and his students are working on the 
problem. “fay has a good vision.” says Chris 
Somerville, a plant biochemist at Stanford 
University in Palo Alto, California, and 
§ co-founder of LS9, a synthetic biology start 


Interior designer. Keasling is betting that synthetic biology will 
allow him to make microbes that turn out transportation fuel. 


Uup in San Carlos, California. “In about 15 years, 
\ve will be making biofuels other than ethanol, 
and synthetic biology will be what makes that 
possible.” he predicts. 

Brazil derives about one-third of its trans- 
Portation fuel from ethanol made from sugar 
cane. But in the cooler U.S. climate, corn is, 
king, Keasting, 42, grew up on his family’s 
200-hectare corn and soybean farm in 
Harvard, Nebraska, and he still looks like he 
belongs there. with his close-cropped hair and 
bartel-like chest. He guffaws when asked 
whether he considered staying to become the 
fifth generation of his family to work the farm. 
“No. The stork dropped me in the wrong 
place.” he quips. Keasling slipped away to the 
University of Nebraska, Lincoln, then on toa 
Ph.D, at the University of Michigan and a 
postdoc with Stanford University Nobel lau- 
reate Arthur Kornberg. “It’s really hard to 
make a profit” growing com, Keasling says, 
explaining that the price per bushel has 
remained largely unchanged since the late 
19405. That's prompted farmers to continually 
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try to improve their yields, which in turn 
has produced a glut of corn. That glut, and 
high oil prices, has suddenly made corn 
ethanol more economically viable. “You 
et off the plane in Nebraska, and it smells 
Tike a brewery.” he says. 

In his effort to beat out ethanol, 7 
won't be starting from scratch. He is already 
well known for producing an antimalarial 
<drug called artemisinin using synthetic biol- 
ogy. The molecule, a complex double ring 
structure, is normally derived from a plant. 
But doing so is expensive. So, over the past 
6 years, Keasling’s group has inserted more 
than a dozen genes into Escherichia coli and 
setting up a molecular assembly line 
that allowsthe bugs to churn out the drug, The 
strategy not only works, but improvements 
over the years have also boosted the 
artemisinin output 10-million-fold, Keasling 
hopes further improvements will make the 
drug cheap enough to be widely affordable 
in developing countries, potentially saving 
millions of lives. Vin feats with 
artemisinin earned him the title of Discover 
magazine's Scientist of the Year in 2006, 

Now, Keasling wants to go one better, 

swapping out some of the ring-building 
enzymes he introduced into microbes in favor 
of others that can construct hydro- 
carbon form to produce 
this hydroe: in}.” Keasling 
says. “We can remove a few of the genes to 
take out artemisinin and put in a different 
hydrocarbon, It's that simple. 
Atleast on paper. 
produce it, Keasling acknowledges that won't 
be the end of the story, Despite the impressive 
improvements at getting bugs to churn out an 
antimalarial compound, they still typically 
collect only a couple of dozen grams per liter 
of it at the end of fermentation. That could be 
abig problem fora transportation fuel that has 
to be not only cheap but also wildly abundant. 
“This is massive. This would require a scale- 
up of fermentation never seen before.” 

Asa result, Keasling argues that i's 
important for synthetic biology to push other 
efforts to create alternative fuels, One such 
idea is to reengineer plants’ intertwined 
networks of lignin and cellulose to make it 
ceasier for microbes to break them down and 
convert them to ethanol, Another is to boost 
the ability of microbes to make and tolerate 
“This is an exciting time to be in the 
‘energy research area,” Keasling “The 
biology is just getting to the point where it 
‘has something to offer.” 


nierabes can 
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PROFILE: 


RICHARD MARTINEAU 


Former Marine Seeks a 


Model EMPRESS 


To test nuclear reactor designs, computational physicist Rich Martineau is 
creating a sophisticated new simulation from the ground up 


IDAHO FALLS, IDAHO—Whether he’s chew- 
ing tobacco or driving his battered "78 Chevy 
pickup, Rich Martineau stands out ina 
crowd. The computational physicist 
sively protects his status as an outsider, keep= 
he uninvited out of his cubicle at the 
Idaho National Laboratory (INL) in Idaho 
Falls with a black retractable shade. And 
the tagline on e-mails from the former 
USS, Marine and president of a local gun club 
reads: "Rome did not create a great empire by 
having meetings. They did it by killing all 
those who opposed them.” 

But in September, Martineau arranged 
and hosted a decidedly communal gathering, 
‘2-day, invitation-only conclave on modeling 
nuclear reactors. Among the 44 participants 
were expertsin applied math, supercomputing 
‘and nuclear engin as well as top mod- 
cling researchers from the aerospace and 
nuclear weapons fields. “There was excite- 
ment in the air.” says Columbia University 
computational mathematician David Key 
who adds that the quality of asse 
academic firepower “surprised” him. * 
Marine image he cultivates is tempered by the 
lization that you need consensus.” 

What prompted Martineau, 47. to soften 
his independent nature is his desire to build a 
sophisticated digital model of what goes on 
inside a nuclear reactor. Such a model would 
be tely needed” to jump-start the 
ULS. nuclear energy industry and a major 
improvement over much older medels currently 
used by 1 1s, says Vincent Chan 


Martineau is developing at INL is to allow 
engineers, government regulators, oF pi 

‘operators to test novel design concepts using 
supercomputers instead of costly prototypes. 
The older models mostly depict antiquated 
water-cooled. low-temperature uranium reac 
tors, whereas Martineau wants to help indus- 
try simulate more innovative designs, includ- 
ing gas-cooled reactors that work at higher 
temperatures and utilize different fuels such 


9 FEBRUARY 2007 


New build. Martineau wants to “start at the bottom” 
of nuclear modeling, 


as reeycled nuclear w wve to know 


where your uncertainties come from so that 
you know [which design decision] matters.” 
Says INL nuclear research chief Phillip Finck. 
More elaborate virtual reactors could also 


simulate accident scenarios in order to t 


workers—what INL modeler Glen Hansen 
calls the “Xbox concept” after the popular 
video game syste 

Existing reactor computer models haven't 


been overhauled much since the heyday of the 
U.S. nuclear enterprise in the 1970s and 
1980s. Back then, computational physicists 
devised simulation programs. including one 
dubbed RELAP. that tried to depict conditions 
within nuclear reactors under normal and 


aaceident scenarios. “Nuclear engineering was, 
like aerospace, at the cutting edge [in model- 
says Keyes. But after what 
calls “Jane Fonda and Three Mile 
wernment research funds dried up: 
Martineau’s work in the 1990s modeled 
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flames and floods, not nuclear reactors. Asa 
result, whereas airplane builders now have fuid 
<dynamies models so robust that they can build 


whole jets on computers and use fewer wind- 
tunnel tests, nuclear engineers still depend on 
crude, 25-year-old computer pros 

Three years ago, Martineau proposed 
developing a new computational model for 
reactors to INL manager Kathryn McCarthy: 
With scant money available from Washington, 
DC, McCarthy helped persuade INL chiefs 
to provide some initial funds for the effort. As 
y sign of thanks, Martineau has dubbed 
the emerging model Enhanced Multi-Physies 
Reactor Simulation Suite (EMPRESS), 
“Kathy had th we in me When no one 
else did,” he says ofhis boss, “After | 
stagnating, I exploded into this thing 

Martineau spent the summer of 2004 at 
Argonne National Laboratory learning about 
the powerful parallel computing techniques 
the new reactor mode! would need, He also 
began assembling a team, Along with wo 
INL modelers with backgrounds in nuclear 
engineering. the effort has attracted Dana 
Knoll and Hansen, both accomplished com- 
putational physicists recruited from the strong 
modeling corps at Los Alamos National Lab- 
‘oratory, a nuclear weapons lab, 

The team’s goal, as Martineau sees it. is to 
“start at the bottom,” using fundamental 
physics principles to overhaul the outdated 
models. RELAP, for example, simulates the 
heat and neutron behavior of a reactor but only 
in one dimension and for idealized vessel 
shapes. Martineau wants EMPRESS to work 
in three dimensions, incorporating the real- 


life geometry of a gas-cooled nuclear power 
plant and avoiding the fd 
uses to approximate hard-to-model areas such 


as gas-vessel boundaries, 

Lab officials are realistic about the seope 
of the project and its prospects of winning 
federal funding, especially as it’s unclear 
how the new Democrat-controlled Congress 
will be disposed toward advanced nuclear 
energy work, “We don’t have infinite 
amount of time and infinite amount of 
resources to chase down every single thing 
to the molecular scale.” says INL adminis- 
trator Kemal Pasamehmetoglu. 

Still, Martineau’s si je about the 
future of EMPRESS. He once dreamt of fly- 
ing jets in the Marines and now sees his duty 
as helping expand nuclear power to reduce 
US. dependency on foreign oil. "God, coun- 
s Martineau of his alle~ 
‘ve always wanted to do this.” 

EU KINTISCH 
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PROFILE: JAMES DUMESIC 


Catalyzing the Emergence of a 
Practical Biorefinery 


Most are betting on biology to convert 
Jim Dumesic thinks catalysis is the key 


he United States is counting on biofuels to 

reduce reliance on imported petroleumand 
to cut carbon emissions from vehicles, Bu 
most ears won't run on com oil, $0 scientists 
must find ways to convert plant matter into 
practical fuels. Much hope—and hype 
centers on harnessing microbes and enzymes 
to convert biomass to ethanol. But James 
Dumesic, a chemical engineer at the University 
of Wisconsin, Madison, is blazing another tal 
Anexpertincatalysis, Dumesie is searching for 
philosopher's stone 
fuels and higher value chemic: 

Dumesic. $7, is one of a growing number 
of catalysis experts who are using their skills 
to convert so-called biorenewables, such as 
sugars and other carbohydrates, into hydro- 
n, liquid fuels, and precursors for plastics. 
forts may be crucial for transforming 
biorefining from a grand ambition to an eco- 
nomically viable reality 
petroleum refinery, a biorefin- 
(crank out a variety of fuelsand 
nicals to maximize profit, says Todd 
erpy. a chemist at Pacific Northwest 
National Laboratory (PNNL) in Hanford. 
Washington, and “catalysis is going to be erit- 
ical for both fuels and chemicals in the long 
run." For his part, Dumesie sayshe's providing 
industry with options “so that when carbo- 
hydrates become more readily available, we 
can take them different ways.” 

‘As raw materials for fuels, petroleum and 


to turn sugar water into 
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carbohydrates into biofuels. 


carbohydrates lie on opposite ends ofa chem- 
ical spectrum. The hydrocarbons in petroleum 
are molecules with few functional groups 
add-ons such as an oxygen bonded to. hydra- 
hydroxyl group—that provide ready 
ions. So the components of 
petroleum are relatively stable and require lit- 
tle modification to produce gasoline and other 
fuels. In contrast, carbohydrates bristle with 
functional groups that make the compounds 
less stable and less capable of withstanding 
the high temperatures used to process petto 
chemicals. Those functional groups must be 
stripped away to transform the carbohydrates 
into energy-packed hydrocarbons, 

To pare down carbohydrates, Dumesic 
employs heterogencous catalysis, in which the 
catalyst resides on the surface of a solid sup- 
port such as powdered aluminum oxide. Iron- 
ically, the techniques of heterogeneous cataly- 
sis were honed on petroleum chemistry, says 
Dumesic. "Over the past 30 years, people have 
learned a lot about how to make, characterize. 
and test catalysts, and all of that carries over 
directly” to carbohydrates. 

In 2002, Dumesic and colleagues used 
platinum to catalyze the production of hydro- 
gen gas from a solution of carbohydrate in 
water. Dubbed aqueous phase reforming 
(APR). the low-temperature process requires 
less energy than traditional steam reformin; 
in which water vapor interacts with methane. 
The advance links hydrogen technologies and 
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Options. With student Chris Barrett and others, 
Dumesic seeks ways to refine carbohydrates. 


biorenewables, says James Jackson, a chemist 
at Michigan State University in East Lansing. 
“There is no green source of hydrogen 
because it comes primarily from steam 
reforming of natural gas.” he says. “This 
‘would be making it out of biomass sources, 

To commercialize the APR technology, 
Dumesic and collaborator Randy Cortright 
spun off company called Virent Energy Sys- 
tems, The 4-year-old start-up hs developed a 
unit that converts glycerol—a cheap byproduct 
of biodiesel production—into hydrogen 
and methane and burns the mixture to drive a 
10-kilowatt generator. Virent sold the device to 
the local utility company, and for the past year 
ithas pumped electricity into the grid 

Virent hasn't turned a profit yet, how= 
ever. The company is still lining up 
investors, such as Cargill and Honda, and 
‘working fom grants, including $2 million 
from the U.S. departments of Agriculture 
and Energy. “Don’t congratulate me, because 
we don’t have money from product sales 
coming through the door.” Corti 

When fed larger sugar molecules, 
also tended to produce methane and other 
hydrocarbons called alkanes, So in 2004, 
Dumesic and colleagues changed the catalyst 
tomaximize the production of alkanes instead 
of hydrogen, potentially opening a new route 
to liquid fuels. The researchers also added a 
step to link shorter alkanes into longer ones 
like those in diese! fuel. 

Most recently. Dumesic and his team have 
found a way to convert the sugar fructose into 
mpound known as hydroxymethy!- 
furfural. HME might serve as.a feedstock for 
making fuels, but it could have even greater 
potential asa “platform chemical” to produce 
polymers and other higher-value substances, 
Dumesic says. PNNL's Werpy also sees the 
allure in chemicals. “We're focusing much 
‘more on chemicals than on fuels bec: 
the bigger margins and opport 
palling the field along.” he says. 

The catalysis of biorenewables is still in 
its infaney, which makes the field exciting. 
Dumesic says. “I imagine that there was a 
period of time inthe early days of petroleum 
chemistry when new things happened all 
the time, and I kind of have that feeling now 
as we move into this other area,” he says. 
And this much seems sure: No matter how 
technologies for biofuels and biorefining 
evolve, catalysis is sure to be an important 
part of the mix ADRIAN CHO 
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PERSPECTIVE 


Don't Forget Long-Term Fundamental 


Research in Energy 


George M. Whitesides'* and George W. Crabtree” 


‘Achieving a fundamental understanding of the phenomena that will underpin both global 
stewardship and future technologies in energy calls for a thoughtful balance between large-scale 
immediate solutions using existing technology and the fundamental research needed to provide 


better solutions in the 50-year period. 


nergy and climate change are now pre- 
Feiss: cy ci 
ing, and society, There is a range of views 
‘on enengy and almost religious levels of advo- 
cacy for particular technologies. There is also 
surprisingly broad (although not universal) agree- 
rent that there is no single solution to the dual 
problems of meeting future demands for enenzy 
ng the environmental consequences 
‘of energy proxhuction, Whatever strategy emerges 
Will be a quilt made up of patches representing 
almost every imaginable technology. 
‘The enemy problem is often phrased in terms 
‘of developing a strategy that roughly doubles the 
itlobal production of enengy by 2080 (from 13 to 
about 30 terawatts) (Fig. 1)(7-%. The problem 
‘of climate change includes two especially 
important components: (i) understanding. the 
relationship between the climate and the chem- 
the atmosphere and oceans and (ii) 


es for energy production. Because at- 
mospheric CO, is the dominant greenhouse 
izas, and because coal is the carbon-tich fossil 
fuel whose tse can most readily be expanded 
especially in the rapidly growing economy of 
China), understanding the linkage between coal 
and climate is particularly important (6). 

‘Thote is a pervasive sense that “We must do 
something soon,” This urgency mty be justified, 
but we must also remember thatthe problems of 
providing enengy and maintaining the environ- 
ment are not about 10 go away, no matter how 
hard we try using current technologies. In the 
rush 10 do something—to find technological 
solutions to global-scale problems—we should 
not forget that we must ultimately derstand 
thom, if we are to find the most effective, sus- 
tainable solutions. Fundamental research in sci- 
‘ence and engineering is important, Understanding 
phenomena relevant to enensy and the environ 
ment leads to new technologies and to the ability 
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to control the economic and environmental out- 
comes of their applications (7) 

The cost of large technology demonstra- 
tion projects is enormous and the time to de- 
velop them decades, and it is easy to overlook 
the fundamental rescarch that nourishes them, 
Today, we have a growing thicket of energy 
and environmental problems and great enthu- 
siasm for solving them quickly. In fact, 50 
Years from now, most of these problems (and 
more) will still remain unsolved. Developing 
the best patches we can for the immediate 
problems is one approach, Understanding the 
underlying problems is another, and one that 
is at least as important, much less expensiv 
and perhaps ultimately time-saving. Energy 
and climate are problems that will extend over 
decades oF centuries, and the unimaginable 
technologies of 100 years from now will rest 
‘on fundamental research that must start now. 

What follows is a sketch of nine represent- 
ative long-term problems in research that are 
Vital to the development of future technology 
for energy. We emphasize that this list is per- 
‘sonal and idiosyncratic: it tends to emphasize 
materials. Others might select differently, al- 
though most lists would probably have areas 
of broad overlap. 


The Oxygen Electrode Problem 

A hydrogen fuel cell operates by extracting elec 
‘ons from Hz and transferring them through 
an external cireuit to Op (to generate H30), If 
the Hz is generated electrochemically, the re- 
verse reactions take place. In either event, the 
transfer of electrons from HO to one clee 
‘rode and 10 O> from another are slow reac 
tions and lower the efficiency of practical fuel 
Is (considering the free enengy of the eac- 
tions involved), The slow rates of interconversion 
of 4 + Oy © 41" and 2 HO exemplify a 
broader class of reactions in which a single 
process requires the transfer of multiple elec- 
trons. Understanding these reactions and find- 
ing strategies for circumventing their limitations 
are important in developing new, more prac 
tical procedures for reactions ranging from the 
electrochemical production of I and the use 


of 0, in fuel cells to the reduction of nitrogen 
to ammonia, 


Catalysis by Design 

Many of the reactions that occur in the pro- 
duction of energy involve catalysis: the full set 
used in the processing of crude oil to fucls: all 
of the biological reactions involved in photo- 
synthesis, in fixing CO3, and in biodegrada- 
tion; the hydration of CO2 to carbonate ion; the 
movement of electrons in batteries; the opera 
tion of fuel cells; the cleanup of exhaust gas 
fiom internal combustion engines; and many 
‘thers, Given the enomous. importance of cae 
talysis in the production and storage of energy’ 
in the production of petrochemicals and the mi- 
terials derived fiom them, and in all biological 
and most geochemical processes, it is astonish- 
ing (and a little disheartening) how little 
known of the fundamentals of catalysis: how 
catalysts operate, how to control them, and es- 
pecially how to generate new ones. Catalysis by 
design has periodically been embraced as a 
grand challenge, and periodically abandoned as 
too difficult, but nanoscience and surface sci- 
szice offer new approaches 10 this problem, The 
fundamental study of catalysis. must be re- 
animated across the full spectrum of processes 
involved in energy and the environment, 


Transport of Charge and Excitation 
Photoexcitation of the semiconductor oF dye 
component of a solar cell creates an exciton: 
separated but associated hole and electron (4, 5) 
‘To generate current, the eketron must move 10 
‘one electrode, and the hole t0 the other, before 
they combine, These processes are ineflicient in 
‘materials that might make inexpensive photo- 
cell: defective, polyerystalline, disordered, o 
quantum-dot semiconductors (Whether inorganic 
‘or organic). Understanding them and circum 
‘venting their deficiencies is one key 10 caste 
effoctive solar cells, 


Chemistry of CO, 

CO; isa key molecule in global wanning (6), 
in chemical and biological fuel production, and 
in fuel use. We must know everythin 
about its physical and chemical int 
Important topics include new uses of CO in 
large-scale chemistry (where it has the attractive 
Feature that it has negative cost), new chemical 
reactions of COs, the movement and reactions of | 
©Oy in the earth, the role of COs in determining 
the behavior of the atmosphere and oc 
and the chemistry and properties of CO> at hi 
pressures. For decades, there has been little 
research, whether fimdamental or exploratory, in 
this area: it was considered a solved problem, 


Improving on Photosynthesis 
‘The process of uptake and fixation of CO. in 
biological photosynthesis is not an optimized 
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Fig. 1, The complex system of energy flows in the United States in 2005 (2). More than half of the energy produced is 
wasted. Units are in quads; 1 quad = 10" British thermal units = 1.055 exajoules. (Figure prepared by Lawrence 


Livermore National Laboratory, University of California, and the U.S. Department of Energy) 


marvel: It is fairly inefficient thermodynams 
ly, and several key reactions [for exampl 
key step involving the reaction of COs with 
ribulose diphosphate (with its competin 
poor yickd 
18 opportunity. Photo- 
nmense appeal for the closed- 
ceyele capture of energy from the Sun 
that are useful as fuels (4). The prospects of re- 
biological photosynthesis for greater 
efficiency, maximizing metabolic flu through 
specific biosynthetic pathways, growing plants 
in regimes of temperature oF salinity where they 


in forms 


alluring ones, but ones that will require decades 
of imagi 


ative rescarch to realize. The prospect 
biological photosynthesis (where 
might include bio-inspired physi 
Lr 
photochemical or phototherm: 
rg 
new research, 


pho- 
al 


ions or more stra 


processes tha 


rale fuels or store energy) also warm 


Complex Systems 
Understanding energy and the environment 
tically poses a series of problems that we 
presently have neither the mathematical tools 
nor the data to solve. Most global systems are 
“complex” in physicists’ definition of the word: 
They comprise many components, with many 
degrees of freedom, usually interacting non- 


linearly, These systems are the natural hon 
surprises often referred to as emerge 
behavior. Our difficulty in understanding and 
ds to uncertainties 
that cloud most discussions of energy and the 
environment and of the costs and 
almost any technology (5). What r 


ling these systems lea 


cost of a kilowatt produced by silicon solar 
cells? How important will the burn 
be to global warming? What, in detail, are the 

labal sources and sinks for carbon and how 
do they interact? What can one say about the 
impact of technologies for generating nuclear 
power on the potential for protiferation of nu- 
the theory of 
ere it gives re- 
Hinble results (or at least results whose ri 
in be quantified) remains a key en 
. and is probably the best wi 
nizing the potential miseries of the law of 
unintended conseque 


complex systems t0 the point wi 


The Efficiency of Energy Use 
the efficiency of enc 
and storage is a major opportunity. Many of 
‘our standard energy conversion 
ney limits: El 
with the present mix of fuels 
the typical 
effi 
efficient 
ofl 


ity production 


is only 37% efficient on averag 
¢ is perhaps 25° 
and an incandescent bulb is on 
for producing visible light. Increasin 
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ency requires understanding 
the fundamental phenome 
ting and 
energy conversions, Solid- 
state lighting, for example, 
can achieve efficiencies. of 
30% of more, provided that 
we understand the 
nisms controlling the 
sion of electronic 
photons, 
rand corrosion also 


na of € 


ternative 


nengy to 
New understand: 
nisms of frie 


tion, we 
provides new stra 
ducing losses 


The Chemistry of Small 
Molecules 

The chemistry of small mol 
cules dominates many as 
pects of enengy and climate: 


HO, Hs, Ox, COs, CO (for 
Fischer-Tropsch chemistry), 
NO Oy, Nily, SOs, Clg, 


CHAOH, HCI, and others are 
all vitally important com 
ponents of these discussions, 
There n a wide rm 
fof information about these 
molecules and their combi- 
nations that is needed 10 un: 


derstand the © 
ue apa. 


New Ideas: Separating Wheat from Chaff 
The spectum of ideas for dealing with prob- 
Jems of ene shal stew 
complete, based just on what we now know 
We need new idea 
Which of the curent smorgasbord of unex- 
plored and. unpro will work (9), 
Developing alfordable technologies for remo: 
ing carbon from the atmosphe example, 
bby growing biomass and converting it 10 a stable 
form of carbon) must be explored now, if they 
are to be options in the future, Changing the 
albedo of Earth, stimulating photosynthesis in 
the oceans by the addition of essential trace ele- 
ments such as inn, developing new nuclear 
power cycles, a hydrogen economy, new meth 
‘ads for separating. gases (such as COs from ait) 
and liquids, room-temperature supercondctivity 
Wo cary electric power without loss, biological 
Hy production, new concepts in butteries, and 
all must be explored funda 
tally and realistically. 

These problems all require long-term, pati 
investment in fimdamental research to yield new 
i validated ideas, These problems are also, 
in some cases, sufficiently technical that their 
importance is most obvious to specialists. The 
yywen electrode (as one example) might seem 
an exotic problem in science, but it is hard 10 


mplex systems of which they 


cdship isnot 


and we need to know 


ed id 
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believe that a hydmgen economy that used 
electrolysis to generate Hy and O from water, 
and a fuel cell to convert Hy and O» back to 
water and electrons, could make a substantial 
contribution to global enengy without much- 
improved oxygen electrode. The identification 
‘of this problem is not in any sense new: The 
redox chemistry of oxygen has been a subject of 
active interest (but limited success) for decades. 
We simply need new ideas. 

Another reason to work on these big. prob- 
Jems is that they will atact the most talented 
young people. Over the past 30 years, the Nae 
tional Institutes of Health fas used stable and 
{generous support to recruit and build avery 
effective community of biomedical scientists 


Solving the problems of enemy and global 
stewardship will require the same patient, 
flexible, and broadly based investment, if 
society believes that the problems in these areas 
are sufficiently important 10 provide a fife’s 
Work for its most talented young people. 
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PERSPECTIVE 


Toward Cost-Effective 


Solar Energy Use 


Nathan S, Lewis 


[At present, solar energy conversion technologies face cost and scalability hurdles in the 
technologies required for a complete energy system. To provide a truly widespread primary energy 


source, solar energy must be captured, converted, 


and stored in a cost-effective fashion. New 


developments in nanotechnology, biotechnology, and the materials and physical sciences may 
enable step-change approaches to cost-effective, globally scalable systems for solar energy use. 


“ore enengy from sunlight strikes Earth 
Mie a at ot cn 

sumed by humans in an entire year. In 
fact, the solar energy resource dwarfs all other 
renewable and fossil-based enengy resources 
combined (/). With inereasing attention to- 
Ward carbon-neutral energy production, solar 
electricity —oF photovoltaic (PV) technology —is 
receiving heightened attention as a potentially 
\widespread approach to sustainable eneney pro 
duction. The global solar electricity: market is 
‘currently more than SLO billion'year, and the in- 
dustry is growing at more than 30"% per annum 
(2), However, low-cost, base-loadable, fssik 
‘based cectricty has always served as a for- 
midable cost competitor for electrical power 
generation, To providea tnuly widespread primary 
‘energy source, solar energy must be captured, 
converted, and stored in a cost-effective Fashion 
Even a solar electricity device that operated at 
near the theoretical limit of 70% efficiency would 
hot provide the needed technology if it were 
expensive and if there were no costeflective 
mechanism to store and dispatch the converted 


Beckman Institute and Kavli Nanoscience Institute, 210, 
Noyes Laboratory, 127-72, California Institute of Technol 
‘ogy, Pasadena, CA 91125, USA. Emaik nslenis@its. 
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solar energy upon demand (3), Hence, a com 
pte solarbased enensy system will not only 
require cost reduction i existing PV manuf 
Turing methods, but will also require science and 
technology breakthroughs to enable, in a conve- 
nent, scalably manufacturabe form, the ultralow= 
cost capture, conversion, and storage of sunlight. 

One key step is the capture and conversion 
fof the energy contained in solar photons. 
Figure 1 shows the fully amortized cost of elee- 
Iricity as a function of the efficiency and cost of 
aan installed PV module (2, 4), Because the total 
‘energy provided by the Sun is fixed over the 30- 
‘year lifetime of a PV module, once the energy 
‘conversion efficiency of a PV module is estab- 
lished, the total amount of “product” electricity 
produced by the module ata representative mid- 
latitude location is known for the lifetime of the 
system, The theoretical efficiency limit for even 
an optimal single-band gap solar conversion 
device is 31%, because photons having enenies 
ower than the absorption threshold of the active 
PV material are not absorbed, whereas photons 
having energies much higher than the band gap 
rapidly release heat to the lattice of the solid and 
therefore ultimately contain only a useful in- 
temal enerzy equal to that of the band gap (2) 
Small test cells have demonstrated efficiencies 
of 20% with the remaining losses almost en- 


tirely duc to sul reflection losses, grid shading 
Fosses, and other losses at the $10 10% level that 
any practical system will have to some extent 

inped PV’ modules now have efficiencies of 
13 10 20% in many cases. At such an efficiency, 
ifthe cos ofa module is ~$300/n? (2), and if we 
take into account the accompanying fixed costs 
in the so-called “balance of systems” (such as 
the inverter, grid connection, et., Wh 
factor of 2 to the total installed system cost), 
then the sake price of grid-conneeted PV elec 

tricity must be $0.25 to $0.30 per kilowatthour 
(kWh) to recover the initial capital investment 
and cost of money over the lifetime of the PV 
installation (2, 4). Currently, however, utilty- 
scale electrical power generation costs are much 
Jess, with current and new installations costing 
~S0.03 10 $0.08 per kWh (/), Hence, for solar 
lectricity to be cost-competitive with fossil 
‘based electricity at utility scale, improvements 
in efficiency are helpful, but manufacturing costs 
‘must be substantially reduced, 

In current manufacturing schemes for Si- 
hhased solar cells, the eost of the processed and 
purified Siis only about 10% ofthe final cost of 
the PV module. Some of the Si is fost in cutting 
up boules imo wafers, and other costs are 
incurred in polishing the wafers, making the 
diffused junction in the Si into a photovoltaic 
device, fabricating the conducting. transparent 
lass, masking and making the electrical e 
tacts, sealing the cells, connecting the cells 
together reliably into a module, and sealing the 
module for shipment. Hence, in such systems, 
the energy conversion efficiency i a a premium 
so as to better amortize these other fixed costs 
involved with making the final PV module 

Improvements in efficiency above the 31% 
theoretical limit are possible ifthe constraints that 
are incorporated into the so-called Shockley- 
Queisser thooretical efficiency limit are relaxed 
©). For example, if photons having energies 
greater than the band gap of the absorbing 
rmuterial did not dissipate their excess energy as 
heat, but instead produced more voltage or 
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generated multiple, low-energy, thermatized 
electrons from the enemy of a single absorbed 
photon, theoretical efficiencies in excess of 60% 
‘would, in principle, be attainable, Absorbers hay 
ing a highly quantized band structure, such as 
quantum wells and quantum dots, can theoret- 
ically proxtuce the desired effects (Fig. 2). In fact, 
recent observations on PbSe quantum dots have 
demonstrated the production, with high quantum 
Yield, of multiple excitons froma single absorbed 
photon, thereby establishing an existence prot 
fir the process of interest (3). At present, how= 


ever, there is no method for efficiently extracting 
the photogenerated carriers fom the quantum dot 
structure to produce electricity in an extemal 
circuit. Materials with “mini-bands” or with “in- 
temediate bands” also offer the possibilty for 
uulrahigh enengy conversion efficiency (2, 6). In 
this approach, different incident photon energies 
\would promote absorption from different isolated 
energy Ikvels and therefore allow for the pro- 
duction of different voltages (Fig. 2). The phe- 
nomenon has een described theoretically but 
has yet to be demonstrated in a practical im- 


cost use’ 


Fig. 1. Solar electricity costs as function of module efficiency and cost. The theoretical efficiencies are 
shown for three cases: the Shockley-Queiser limit for a quantum conversion device with a single band 
‘gap, in which cariers of Lower energy are not absorbed and carriers of energy higher than the band gap 
thermalize to the band gap; the second-law thermodynamic limit on Earth for 1 Sun of concentration; 
‘and the second-law thermodynamic Limit for any Earth-based solar conversion system. Current solar cell 
‘modules lie in zone I The dashed lines are equi-cost lines on a cost per peak watt (i) basis. An estimate 
for the minimum balance-ol-systems cost given current manufacturing methods is also indicated. A 
‘convenient conversion factor is that $1/W, amortizes out to ~$0.05/kWh over a 30-year lifetime of the 


PY module in the field. [Adapted from (4)] 
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Fig. 2. Possible methods of circumventing the 31% efficiency limit for thermalized carriers in a single-band 
‘gap absorption threshold solar quantum conversion system. (A) Intermediate-band solar cell: (B) quantum-well 


solar cell. [Adapted from (2)] 
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plementation. In addition, these materials are 
currently extremely costly, and methods of re- 
taining the high performance with scalable, 
inexpensive manufacturing methods would also 
be required. 

In the absence of marked increases in cell 
efficiency, the value of new solar cell materials 
‘ests primarily with their potential to enable an 
entirely different manufacturing process, suck 
as rollto-roll manufacturing, printing, painting, 
for other ultralow-cost approaches. 10 imple- 
mentation of PV technology, This area is where 
breakthroughs in the seience and technology of 
solar cell materials can have the greatest impact 
fon the cost and widespread implementation of 
solar electric 

‘The key issue involves the trade-ofT between 
material purity and device perfor Ina 
typical planar solar cell design, the change 
uriers are collected in the same direction as 
light is absorbed. A minimum thickness of the 
cell is set by the thickness of material required to 
absorb >90% of the incident sunlight, However, 
the required thickness of the material also 
imposes a constraint on the required purity of 
the material, because the photoexeited change 
carriers must live sufficiently tong within the 
absorbing material to arrive at the electrical 
junction, where they can be separated to product 
aan eketrical current flow through the metallic 
contacts fo the cell. Impure absorber materials 
‘with short change carrier lifetimes ean therefore 
effectively absorb sunlight but cannot elec 
tively convert that absorbed enengy into elec 

city. In tum, absorber materials with the 
necessary purity are generally costly 1 produce 
and manufacture, Cheaper materials, such as 
‘organic polymers or inorganic particulate solids 
‘with small grain sizes, generally have short 
charge carrier lifetimes and/or inkluce recombi= 
nation of change eariers at the grain boundaries 
fof stich materials, This cost-thickness-purity 
constraint is largely why all current PV cells fill 
in the green region, labeled zone I, in Fig. 1 

Approaches 10 circumventing 
this costvefficieney trade-off gen- 
cally involve orthogonalization of 
the directions of light absorption 
and change carrier collection. High 
aspect ratio nanorods, for example, 
‘can provide a long dimension for 
light absomption while requiring only 
that carriers move radially, along 
the short dimension of the nano- 
rod. to be separated by the metal 
lurgical junction and collected as 
electricity (Fig. 3) 2. 7). A con 
‘ceptually similar approach involves 
the use of imerpenetrating net- 
works of inonganic absorbers, such 
as Te “tetrapods” (8) andlor or- 
‘ganic polymeric absorbers (9), such 
as the onganic conducting, polymer 
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Fig. 3. Arrays of nanorods, illustrating an approach to orthogonalization of the 


rections of tight 


absorption (down the length of the rods) and charge carrier collection (radially outward to the surface 


‘of the rods), [Adapted from (2)] 


Fig. 4. Dye-senstized solar cell in which a nanoparticulate 
ected into it as 
2 result of absorption of sunlight by the adsorbed dye molecule. 
‘The oppositely charged cartier moves through the contacting 
liquid or polymeric phase to the counterelecrode, completing 
the electrical circuit in the solar cell. [Adapted from (2)] 


etwork provides collection of charge carriers i 


interface between the two phases that make upp 
the deviee. Junction recombination is a delete- 
rious loss pathway even in many planar solar 
devices, and such junction recombination 
mes dominant in disordered 


systems that, by definition, have a 
large increase in their interfacial 
contact area relative to their pro- 
jected geometric area for light 
absorption, Methods for controll 

the chemical properties of the sur 
faces and junctions of such sys- 
tems, and thereby reducing their 
natural tendency to promote dele- 


tion, are therefore critical. Suc 
methods have been developed for 
certain welllefined  semiconduc- 
tor surfaces (/0) and will need 10 
bbe developed and implemented suc- 
cessfully forthe high-junction area 
systems 19 obtain high (5%) en- 
ergy conversion efficiencies fom 
such deviees. 

A conceptually related system is 
the dye-sensitized solar cell, in 
which a random, disordered. ne 
work of inexpensive TiO: particles 
is used to collect the change carriers. 
‘The light absoption is performed 
molecule, and 


the interfaci 
use of a liquid or ly 
penetrate the pore structure of the soli 
collect the other change carrier type to complete 
the circuit in the cell (Fig. 4) (//), Small 
“champion” dye-sensitized solar cells have 
shown efficiencies as high as 10 to 11%, 
although at present large-area devices typically 
have efficiencies of <3% Improvements in the 
efficiency of such systems will require improved 


that currently limits the voltae produced by 
such systems to about 50 to 60% of its theo- 
retical value. The stability of such systems will 
also need to be demonstrated under operational 
conditions for extended periods (>10 years) to 
allow them 10 be implemented in the market- 
place. Clearly, advances in basic science are 
ceded to enable all such nanostructured sys- 
tems to tuly offer a practical, ultralow-cost 
option for solar electricity production (2). 
Although there is tremendous potential for 
growth for PV in eketricity generation, solar 
electricity can never be a material contributor to 
primary energy generation without cost-cflective 
methods for storing and distributing massive 
quantities of electricity (2,3, 12). Put simply, the 
‘Sun goes out locally every night, and the inter- 


mittency imposed by the diurnal cycle must be 


it with t0 provide a full, base-loadable pri- 
‘mary cnengy system from the Sun, The lack of 
cost-effective lange-scale electrical sto 
pacity on Earth underlies the call for develop 
ment of space-based solar power systems, On 
Earth, the cheapest method! for massive electric- 
ity storage is pumped-water storage, wh 
bbe relatively efficient, but even that process does 
not scale well ifevery reservoir would have to be 
filed up each day and emptied each night; ad- 
ditionally, a staggering amount of woul! 
‘be needed to compensate for the diumal eycle if 
‘one were 10 provide a material contribution to 
the primary U.S. or global energy generation 
through this approach. Batteries are a natural ap= 
proach 10 eketricity storage, but for battery 
storage to be costellective over the 30-year 
amortized lifetime of a PV system, enormous 
quantities of batteries would have to be hooked 
Lup to the grid, and they would have to cost as 
litle as lead-acid batteries while providing the 
cycle life of lithium-ion batteries, Innovative ap- 
‘proaches to massive, low-cost energy storge 

including potemtially a superconducting global 
transmission grid, supercapacitors, flywheels, 
., as promoted by Smalley (2) will be im 
portant enablers of a full solar capture, conver 


sion, and storage energy system 
Perhaps the most attractive method for cost- 


effective massive enenzy storage is in the form 
of chemical bonds (ic. chemical fuel). After all, 
this approach is central t0 photosynthesis and is 
the basis for much of the recent attention 
devoted to development of biofuels. Photosyn- 
thesis, however, saturates at about one-tenth of 
the intensity of normal sunlight, and conse- 
quently the yearly averaged energy storage ef 
ficiency ofeven the fastest-groWit 
than 1%, and typically less than 0 
as compared y 
displayed by current PV devices (2). Hence, to 
first onder, land-related constraints dominate the 
ultimate commercial potential of biofuels as 
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material contributors to primary enerey supply. 
whereas costrelated constraints dominate th 
uukimate commercial potential of PV-derived 
solar energy conversion and storage systems. 
One approach to storing electrical energy in 
‘chemical bonds is through electrolysis, in which 
water is split into Hand O2 in an electrolyzer. 
However, Ptbased electrolysis in acidic or 
neutral media is expensive and unlikely to be 
scalable to the levels that would be required 
for this process 10 be material in global 
primary energy production. Ni-based electrol- 
ysis in basic aqueous solutions is cheaper but 
requires scrubbing the input stream to remove 
the CO (/3}; additionally, even the best fuel 
cells are only 50 10 60 
best electrolysis units are 50 to 70% enengy 
efficient (/3), $0 the fulleyele enengy storage’ 
discharge efficiency of such a system is cur 
rently only 25 to 30%, Clearly, better eatalysts 
{or the multiclectron transformations involved in 
five! formation are needed, Nature provides the 
existence proof for such catalysts, with the 
hydrogenase enzymes operating at the thermy- 
‘dynamic potential for production of Hy. from 
11,0, and with the oxygen-evolving complex of 


photosystem If producing Oy from H,0 in an 
eneryy-cflicient fashion. However, no humsn- 
made catalyst systems, either molecular or 
heterogeneous, have yet been identified th 
show performance even close to that of the 
natural enzymatic systems. Development of such 
catalysts woul! provide a key enabling technol 
ogy fora fall solar enenzy conversion and stor 
age system. 

‘Whether the fuel-forming system is separate, 
as in a PV-clectrolysis combination, or inte- 
grated, as ina fully artificial photosynthetic sys- 
tem that uses the incipient charge-separated 
<loctron-hoe pairs to directly produce fucls with 
no wires and with only water and sunlight as the 
inputs, is an interesting point of discussion from 
bboth cost and engineering perspectives: How- 
ever, the key components needed 10 enable the 
whole system remain the same in either case: 
cost-eflective and efficient capture, conversion, 
and storage of sunlight. Each of these functions 
has its own challenges, and integration of them 
into a fully functioning. synergistic, globally scal- 
able system will require further advances in both 
basic science and engineering. Such advances, 
together with advances in existing technologies, 
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will be required if the full potential of solar en- 
exuy is to be realized. 


References and Notes 

1 Word Energy Assessment Overview, 2004 Updote, 
J. Goldemberg, TB Johansson, Ed, (United Nations 
Development Programme, New York, 2008) (wndp. 
‘arg energyesover2008.ham) 

2. asc Research Needs for Solar Energy Uniiotion 
(US, Department of Energy, Washington, OC, 2005) 
(wo erdoe gowbevreporisabstracs hmiaSEU). 

3. MLL Hoffer et ol, Science 298, 981 (2002) 

‘4 MLA Gaeen, Third Generation Photovoltaics: Advanced 
Soler Energy Conversion (Springer-Verag, Bertin, 2008) 

‘5. RL. Schaller, M.A. Petra, V1. Kimoy, Appl. Phys. 
ett 7, 253102 (2005). 

6 MLA Gruen, Prog. Photowlt. 9, 137 (2001). 

7. BLM Kayes, HA. Atater N.S. Lewis J. Ano. Ply 
‘97, 14302 (2008), 

4. DL}. Mion, L. Gut, AP Alivisatos, MRS Bull 30, 42 
(2008), 

6. Wu et ob, Science 270, 1789 (1995). 

N.S. Levis floor. Chem. 44, 6900 (2005), 

M. Gate, Notue 414, 338 (2002). 

A Smalley, il. Mater. Res. Soc. 30, 412 (2005), 

J. ny, Summony of lectoytic Hydrogen Production 

(tational Renewable Energy Laboratory, Golde, CO, 

2004) (wn rel gowdocshy0dostv36734 pa 

14. Supported by the U.S. Department of Energy and NSF 


D 
wo. 
1 
2 
B. 


20:1126/ciene, 1137014 


PERSPECTIVES 


Challenges in Engineering 
Microbes for Biofuels Production 


Gregory Stephanopoulos 


Economic and geopolitical factors (high oi prices, environmental concerns, and supply instability) 
have been prompting policy-makers to put added emphasis on renewable energy sources. For the 
scientific community, recent advances, embodied in new insights into basic biology and technology 


that can be applied to metabolic engineering, are general 


19 considerable excitement. There is 


justified optimism that the full potential of biofuel production from cellulosic biomass will be 


‘obtainable in the next 10 to 15 years. 


he idea of converting biomass-derived 
Tiers istasportn ts a i 

proposed in the 1970s. Once again, the 
idea is being seriously contemplated as pos- 
sible substitute for petroleum-based liquid fuels 
Economic and geopolitical factors (high oil 
prices, environmental concems, and supply 
instability) have certainly played a role in re 
Viving interest in renewable resources. However, 
an additional impetus is now provided by sci- 
entific and technological advances in biosci- 
ences and bioengineering that support inereasext 


‘optimism about realizing the fall potential of 


biomass in the fiquid fuels area within the next 


Department of Chemical Engineering, Massachusetts n> 
stitute of Technology, Cambridge, MA 02139, USA. E-mail: 
‘gregstep@mitedu 


10 to 15 years. New approaches to biology are 
‘being shaped by the genomics revolution: un- 
precedente ability to transfer genes, modulate 
zene expression, and engineer proteins; and a 
new mind-set for studying biological systems in 
a holistic manner [systems biology (/)}. We are 
also secing advances in metabolic engineering 
(2-4, with the goal of overproducing useful 
compounds by rationally and combinatorially 
engineering cells and their metabolic pathways 
(5). Combination of concepts and methods from 
these fields will create a platform of technolo- 
jes that are eritical for overcoming remaining 
obstacles in cost-eflicient biofuel production 
from cellulosic biomass, 

Figure 1 shows the basic features of a 
biomass-to-biofvels (B2B) process (6). Afier 
harvest, biomass is reduced in size and then 


‘reated 10 loosen up the lignin-cellulose fiber 
entanglement in a step that am take from at few 
‘minutes to many hours, Several methods have 
boon used for this purpose, such as biomass 
‘reatment with saturated steam at 200°C, explo- 
sion with ammonia, and cooking with warm 
dilute acid (6), Dilute acid pretreatments are fast 
(minutes), whereas steam-bised treatments an 
take up to a day, After pretreatment, the solid 
suspension is exposed 10 cellulolytic enzymes 
that digest the cellulosic and hemicellulosic bio- 
‘mass components to release the hydrolysis pro 
ducts, primarily six- and fivecarbon sugars, 
respectively (along with acetic acid and fignin- 
derived phenolic by-products). The type of 
pretreatment defines the optimal enrzyme mix- 
ture to be used and the composition of the hy 
drolysis products, The latter are fermented by 
cthano-producing microorganisms such as se- 
netically engineered yeasts, Zymomonas mobilis 
(Fig. 2), Escherichia coli, ot Pichia stipitis Fig, 
3). Presently, cellulose hydrolysis and fementa- 
tion are combined in a single unit, termed the 
simultaneous. saccharification fermentation 
(SSF) stage. The rationale of combining. sac- 
charification (the breaking up of complex 
carbohydrates into monosaccharides) and. fer= 
‘mentation (the conversion of a carbohydrate to 
carbon dioxide and alcohol) in a single unit was 
to prevent inhibition of the hydrolytic enzymes 
by the reaction products (7). The SSF step typ- 
ically lasts 3 to 6 days, with cellulose hydrolysis 
being the slow. limiting step. The product of SSF 
isa rather dilute ethanol stam of 4t0.4.5% from 
‘which ethanol is separated by distillation 
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Biomass. pre 
drolysis are areas in need of drastic 
improvement. Despite substantial 
reduction in the cost of cellutolytic 
enzymes (8), sugar release from 
biomass still remains an expensive 
and slow step, perhaps the most 


eatment and by- 


critical in the overall process. In- 
tensive research and development 
in all areas of enzyme production 


reduced the cost of cellulolytic en- 
zymes by a factor of 10 40 30, down 
to 20 10 30 cents per gallon of etha- 
nol produced (8, 9), Although this is 


estimated that the enzyme cost will 


have to be further reduced to a level 
comparable 1 that of current ap- 
proaches that produce ethanol from 
the starch in com kemels at a cost of 3 to 4 
cents per gallon of ethanol, Expression of 
cellulases in fermenting organisms or transfer 
of the biofvelsynthesizing pathway into a 
cellulase-producing organism are being pursued 
in-a process termed the consolidated bioprocess 
(CBP) (10), CBP, however, is presently ham- 
pered by the relative inability of yeast to process 


recombinant cellulases at high rates through 
their endoplasn 


reticulum and secretory path 
nd the relative (with regard to E coli and 
) lag in development of mokcular bi- 
‘ological methods to manipulate oF 
ccollulases naturally 


a) that secret 
The fact that glucose suppresses respiration in 


as Trichoden 


Saccharomyces cerevisiae reduces the amount of 
triphosphate available for protein 
biosynthesis, which nder it difficult 
for enzyme production in yeast to be competitive 
With enzyme production by aerobic fungi such as 
Trichoderma or Aspengilus. When realized, CBP 
\ill enjoy the benefit of completely eliminating 
the cost of purifying cellulase and of higher 
activity of the cell-associated cellulase enzyme: 
Te accomplish this goa, the hydrolysis and fer 
mentation steps will have to be coordinated 
Well inside a single cell, such that neither one 
limits the overall conversion process to pro 
ceed at maximum capacity. Although attain 
able over a longer time scale, in the near term 
B2B will benefit from the availability of lange 
amounts of inexpensive and more active ech 


lulases. This opportunity should be pursued by 
coordinated approaches from protein engineering, 
fungal overexpression, and bioprocess engin. 


ing to take adv 
ne production 


© of economies of scale in 


nisms. for 
biofuels production, combinatorial searches for 
promising target genes and other lab-scale ex- 
periments should be conducted with synthetic 


venient complex media (Luria broth or yeast 
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Fermentation 


Enzymes 


Goal: loosen up Product: Boor, 
lignin/celiulose 4-4,5% ethanol 
‘entanglement {not wine) 


extract) do not usually translate well to industrial 
conditions that use synthetic media 
Nonenzymatic, physicochemical hydrolytic 
methods (such as high-temperature pretreat 
ments and hotacid hydrolysis) ane much faster 
than enzymatic approaches, albeit at the cost 
reduced sugar yields duc to undesirable side 
reactions. This is a problem that can be 
tially solved by novel bioreactor designs opera 
at optimal contact times so as to minimize the 1a 
of sugary side reactions without impair 
ing biomass hydrolysis inthe first place, The prcs- 
cence of lignin that effectively accumulates in the 
solids fraction asthe carbohydrates are hydrolyzed 
‘mechanically with filtration and 
¢ efliots 10 


away can interfe 
recycling operations and compl 
‘optimize the perform 


Advanced material-handling 


nce of the hydrolysis step, 
mi new 


filtration devies specific 
peculiarities of lignin consistency, or sequence- 
schemes (whereby lignin removal pre- 
codes the hydrolysis step) are some pussi 
that could exploit the fast rates of physicochemical 
hydrolysis while minimizing advene side reac 
tions. Finally, use of novel types of solvents such 
as those derived from ionic liquids are promising 
altematives that should be further evaluated, 

The cost competitiveness of a process such 
as that depicted in Fig. 1 depends on product 
titer, yield, and productivity. Final product titer 

n important cost determinant not only be- 
se i affects the downstream purification cost 
but because it defines the size of the footprint of 
plant. Low product titer is 
caused by various factors, including the total 
amount of substrate solids fad to the fermentor, 
the presence of inhibitory compounds as by 
Products of biomass hydrofysis (such as aromatic 
furfurals, furan derivatives, and phenolics), and, of 
the tonicity of the final product itself. If as 
seems likely, we can increase the solids loud 
the SSF unit, thn we may be able to increase 
substantially the final ethanol concentrations. This 
makes the engineering of cthanoltokrant strains, 


the entire proces 


ig. 1. Schematic of the overall conversion process of an energy crop to ethanol, 


Fig. 2. Zymomonas mobitis, a metabolically 
engineered bacteria used for fermenting both 
glucose and xylose to ethanol. (Credit: Zhang, 
‘Min; DOE/NREL) 


Which can tolerate the adverse environment in 
Which the process takes place, of the utmest 
portance. Not much progress has been made on 
font, perhaps because of the preconception that a 
‘complex phenotype such as ethanol tolerance could 
ndulated by a single gene, orat most handtal 
of genes. There is now accumulating evidence 
thit-no single gene can endow microbes with 
tolerance to ethanol and ether toxic compounds 
(On the contrary, tolerance is a multigenic trait that 
must be elicited by drastically different approaches, 
‘such as global transcription machinery engineering 
(21), This method and its extensions should be 
systematically explored to identify trans 
factor mutants that can increase the tole 
tothe final fuel product, 
i tosic compounds. 
Because the cost of a biomass-derived fuel 
depends critically on the yield of sugar conver: 
sion to the final product, 


hydrolysis, in 
us that are products of 
Such sugars may 


particular the pentose st 
hemicellulose hydrolysis 
constitute $ 10 30% of the total carbohydrates 
arious strategies have been used 10 at- 
tempt either to introduce the ethanol pathway in 
natural xylose consumers (/2) or to engineer the 
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New Energy Company of Indiana; DOE/NREL| 


abolizing pathway in natural ethanol 
producers (/3, 14). The state of the artis rather 
well adv engineering of var- 
(including pentose phosph 
ologenic, and redox b 


glycolytic, 
Fimited attention is that of sug: 


ters and 
ulation, There is evidence that a multi 
tude of such transporters may be in operation 
(/5) and that their activity may depend on sig: 
naling defined by the sugar composition of the 
fermentation medium (76). Elucidation of sugar 
transport at the molecular level and better 
characterization of kinetic and regulatory prop- 
erties, including quorun-sensing mechanism 
should be given high priority because they may 
provide the basis for the simultaneous use of the 
suyar mixtures released from biomass hydrolysis 
as opposed to the slower and suboptimal sequen: 
tial use characterizing most present operations 
(su 


transp 


are consumed simultancously in, for ex- 
mbinant Z mobili, 
all portant to remember 
that one mole of COs is produced for each 
ethanol, for a total yield of O.SI g of etha 


ample, ferme 


redox equivalents needed to sustain celular fune- 
tions and the ethanol pathway itself, an interesting 
long-term idea is the capture and conversion 10, 
liguid fuels of this CO, by means of hydrogen 


i9- 3. An 8000-liter fermentation tank used to start the 
process of turning cellulosic material into ethanol. (Credit 


supplied from carbon-free sources 
(such as nuclear or solar), This could 
be accomplished by conventional 
Fischer-Tropsch processes 

Process productivity isa prinei- 
pal determinant of capital cost. For 
lulosic ethanol, the capital cost 
is estimated at ~S4 per g 
tributing 20 to 25% of the 


quoted in the follow ing paragraph, 
vary considerably from source to 
source and arc also time dependent 
They should be viewed only as prc- 


liminary estimates that need 10 be 
validated by detailed empirical and 
analytic work. Furthennore, costs 
contributed by the process units are 
related and cannot be assessed in 
ion. Overall system 
critical for assessing the relative im 
portance of the various process units 
and their interactions, Thus 
able simulation packages for the 
integrated system operation must be 
developed for overall system anal 
ysis, optimization, and. sensitivity 
studies (18), 

The capital cost must be reduced 
by more than half for an economical 
process (along with a similar reduc- 
tion in the feedstock cost, which will come 
Primarily from yiek! improvements of a 
crop, and a 15 10 25 cents per gallon reduc 
Achieving the 
above goal or, equivalently, doubling process 
productivity, requires a coonfinated approach 
for improving all units of the process and, in 
particular, the biomass pretreatment-hydrolysis, 
steps mentioned earlier, because these 
apparently the process rate-limiting steps, After 
that, the volumetric productivity of fermentation 
must be improved (presently between 1.Sand2.0 
rams of ethanol produced per hour and ferme: 
tor volume), which is the product of the specific 
ms of product produced per 
d the total cell con- 
on that can be sustained in the fermentor: 
The latter, again. i limited by the presence of the 
same inhibitory compounds; hence, use of more 
tolerant strains will afloct the total process produc 
tivity as well. Additionally, specific productivity 
must be increased, 
ipproaches have been suggested for 

specific ethanol productivity. such 
as increasing the amount of 
zymes, enzyme deregulation, cofactor replenish- 
ment, and increase of precursor supply. Although 
some of these approaches are valid, some others 
ded. A rather obvious approach 
to increase the Hux throw is by in- 
me in the 


in cellulolytic enzyme costs) 


te-Himiting”™ en- 
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pathway. Although this is acceptable for modest 
flux enhancements, it has not been attempted for 
large, onder-of-magnitude scale flux inen 
the grounds that it will cause large perturbations 
the metabolites and, hence, the physiology of the 
‘organism. Yet, this will not happen if all enzymes 
in the pathway are similarly amplified, bocause the 
same sady state with respect to metabolite levels 
will be prescrved, Simultaneous incr 
activity ofall enzymes by a factor f will not alot 
metabolite levels, while allowing pathway fu to 
inerease by the same factor The only limitation 
in such a scheme is the cell volume, which may 
not be able to accommodate drastically inercased 
amounts of all enzymes of a pathway {itis 
timated that the enzymes of glycolysis make up 
10 10 13% of the total cellular protein). However, 
this problem can be overcome by engineering 
more active enzymes, Pathway flux amplification 
by coondinatad activity enhancement of the path 
way enzymes (79) has been successfully used 
Iysine biosyhesis (20), aromatic amino acd pro 
duction (27), and polyhydraxybutyrate synthesis 
in E coll (22), among other systems. Determi- 
nation of lux split ratios at key metabotie branch 
points (23), guided by flux determination meth 
ods (24, 25), can aid this research, along with 
hanced fermentor feeding strategie that con 
trol metabolic activity (26). 
Proxuct separation for ethanol, the main bio 

fucl currently produced, is carried out by dist 

tion, Alto nd well optimized, it 
remains an energy id overall exper 
sive step contributing 17 to 20 cents per gallon 
(17, 27), tn light of accumulating reports. de- 
scribing configurational changes in m 
response to simall environmental 


rials in 
nges (pl, 
be use! 


6 ionic strength), it 
e such phenomena with respect to their 
ial 10 fii 
example, processes in Which etha- 
ol adsorbs preferentially on some material and 
desors when the material changes configura 
tion after a small environmental change. Sepa- 
mn in such schemes would be entropically (as 
‘opposed to enthalpically) driven, could be less en 
‘enuy intensive than current operations, and prs 
bly could be consolidated with fermentation in a 
single step. 

As mentioned, fl 
mal fuel 1o be produced from cellulosic biomass. 
Butanol is currently attracting attention because 


¢ ethanol separation, One ea 


ol is not the sole or op- 


of ts potential superior properties with respect to 
comrosiveness, volatility, enengy de 
of separation (28), Aside from butanol, other 
her alcohols, alkanes, and 

re possible biochemically derived biofuels 
Itis not clear yet which one(s) will be the ides 
biofuel, and the answer to this question may well 
depend on additional factors, such as the type of 
biomass available, particular climatic conditions, 
and composition of engine emissions, The ability 
toclone, transfer, and control wenes from different 


iy. and ease 


rious types of 
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‘organisms, including plans, has reached the point 
at which researchers will be able to engineer path= 
\ways that take advantage of a variety of conditions 
with a great degree of confidence. Adkitionally, 
eniome sequences now provide a straightforward 
supply of genes to be tested in tentative pathway 
‘constructs. Nevertheless, itis important to develop, 
technologies for the synthesis and separation of 
these allemative fies, because it i yet unckar 
\what additional requirements such technologies 
Will pose in the design of a robust, cost-flcient, 
‘eommodlty-scake process. 

In assessing the potential of cument and 
projected technologies to develop costetficient 
B2B processes, itis important to bear in mind 
that the present state of affairs was reached 
bby minimal investment directly in biofuels re- 
search, The major biosciences and bioenginecer- 
ing infrastructure was developed in the process of 
exploring matical applications of biology and 
biotechnology, Although this platform isthe 
basis for the present optimism surrounding the 
Use of bloseienees for biofuel proxtuction from 
renewable resources, a number of problems still 
remain in realizing this potential. These problems 


must be addressed directly and adequately in the 
immediate future 
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PERSPECTIVE 


Biomass Recalcitrance: 


Engineering Plants 


and Enzymes 


for Biofuels Production 


‘Michael E, Himmel,** Shi-You Ding,” David K. Johnson,* William S. Adney,? 
‘Mark R. Nimlos,? John W. Brady,? Thomas D. Fou 


Lignocellulosic biomass has long been recognized as a potential sustainable source of mixed sugars 


for fermentation to biofuels and other biomaterials. 


‘Several technologies have been developed during 


the past 80 years that allow this conversion process to occur, and the clear objective now is to make 
this process cost-compettive in today’s markets. Here, we consider the natural resistance of plant 


ell walls to microbial and enzymatic deconstruction, 


collectively known as “biomass recalcitrance.” Itis 


this property of plants that is largely responsible for the high cost of lignocellulose conversion. To 


achieve sustainable energy production, 


will be necessary to overcome the chemical and structural 


properties that have evolved in biomass to prevent its disassembly. 


h worklwide demand for enerey. un 
Hot tis stim ts 

and concem over global climate change 
have led to a resurgence in the development of 
altemative energy that can displace fossil trans- 
portation fuel. In response, many countries have 
initiated extensive research and development 
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programs in biofuels, a sustainable and renew- 
able energy resource that can provide liquid 
transportation fuels (/). The U.S. Department of 
Energy Office of the Biomass Program has 
developed a scenano for supplying 30% of the 
2004 motor gasoline demand with biofuels by 
the year 2030, which roughly translates 10 a 
target of 60 billion gallons per year on a British 
thermal unit-adjusted basis (2, 3). Similarly, the 
European Uinion has developed a vision in which 
‘one-fourth of the E.U.'s transportation fuels will 
be derived from biofuels by 2030 (4). These po- 
litical timetables result in eritical challenges to 
the scientific community that require cutting- 


edge tools inthe ficlds of systems and synthetic 
biology (5) 

Starch fiom com grain an! simple sugars from 
saigar cane and beets are curently being used di- 
rectly for ethanol fermentation, but to hamess the 
structural sugars contained in plant fibers, we must 
fint overcome the problems caused by biomass 
rvakitrance. Cellulose processing cannot com 
‘ence until we improve (i the relatively slow ki- 
‘tics of breaking down pure cellulose into sus 
(Gi) the low yields of sugar from other plant poly 
ssxccharides, and (i) the removal of lignin, a reht- 
intrctable polymer of phenylpropsanoid 
subunits. It is ckar that technological advances 
must be realized to make biofuels sustainable and 
cost effctive 

In future bioretinerics, biofuels will be procced 
fiom biomass resources, including corn grains and 
lignocellulosic biomass (such as agricultural resi- 
dues, forestry wastes and thinnings, waste paper, 
and energy crops). Currently in the United States, 
approximately 45S million acres are in agricultural 
production to meet our food, feed. and fiber needs 
(6). A recent report (7) hats sugested that in the 
‘car term, more than 1.3 billion tons of biomass 
‘ould be produced annually inthe United States on 
a sustainable basis, mostly from agricultural and 
forestry sources, Tilman and co-workers (4) have 
also described the potential role for low-input, 
high-diversity grasskand perennials for bioconver- 
sion. Another study (9) has shown that biomass 
has the potential to simultaneously meet the na- 
tices needs for Figuid transportation fel and for 
food, feed, and fiber, provided that we develop 
more advanced technologies and make certain 
land-use changes that would not require more net 
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land. The cost-competitive production of biofuels 
cost of bio- 


is currently prevented by the hi 
mass feedstocks and the processes for converting 
that is, the cost of the th 


biomass to sugars 
chemical pret 
‘operations in a biorefinery. Maximizing conver 
sion yield is essential for offset 


feedstock cost 


Biomass Recalcitrance 


Plant biomass has evolved complex structural 
and chemical mechanisms for resist 


ars from the microbial and 
1, Natural factors believed 


its structural su 


imal kingdoms (F 


to contribute 10 the recakitrance of lignocel 
lulosic feedstock to chemicals or enzymes in. 
clude (i) the epidennal tissue of the plant body, 
particularly the cuticke and epicuticular waxes: 
(ii) the arrangement and density of the vascular 
bundles: (ii) the relative amount of sclerenchy: 
‘matous (thick wall) tissue; (iv) the degree of lig 
nification (/0); (¥) the structural heterogeneity 
and complexity « 
il ma 


-ll-wall constituents such as 

ix polymers (11): (vi) the 
1 an insoluble 
inhibitors to subse 
ually in cell 


for enzymes acti 
sulpstrate (2); and (vii) th 
quent ferment 


Walls or are 
cesses (13), In the context of the biorefinery, 
these chemical and structural fe 
affect liquid penetration andor enzym 
bility and activity and, thus, conversion 

Atthe mokcular level (Fig. 2), the crystalline 


ates of biomass, 


cellulose core of cell-wall microfibrils (/4) Is 
highly resist al and biological 
drolysis because of its structure, in which cha 


of cellodentrins are precisely arranged, The chair 


conformation of the glucose residues in cellulose 


forces the hydroxy! groups into radial (equatori- 
al) orientation and the aliphatic hydrogen atoms 

As a result, there is strong 
n bond 


ig between adjacent 
chains in a cellulose sheet and weaker hydropho- 
bic interactions between cellulose sheets, The 
hydrophobic face of cellulose shoxts makes erys 
talline cellulose resistant to acid hydrolysis be 
Ie it contributes to the formation of a dense 


layer of water near the hydrated cellulose surface 
(15). The strong interchain hy 
Work makes crystalline cellulose resistant to 


enzymatic hydrolysis (14), wh 


micellulose 


and amorphous cellulose are readily digestible 


Higher-order structures in plants also contribute 
to bion 


3s revalcitrance. For example, access 10 


fibrils 


the crystalline cellulase cores of mic 
restricted by a coatin 


hemicellulose (/6). Ata microscopic and macro- 


‘of amorphous cellulose and 


scopic scale, the complex. hetermgencous nature of 
bier 


delivery of chemical or biochemical eatalysts. 


ASS creates mass-transport limitations for 


Current Biomass Conversion Technology 
The biorefinery is envisioned to comprise four 


mn id storage 


sections: feedstock harvest a 


ic hydrol 
other 


thennochemical pr 
ar fermentation to eth 


ysis, and su nol o1 


fuels. Existing biomass conversion schemes lyp- 
ically rely on.a combination of chemical and enzy 
matic treatments. A pretreatment step is usually 
conductad to raluce recakitrance by depolymer: 
1g and solubilizing hemicellulose (approxi- 
mately 20 10 40% weight by weight of biomass) 


This step converts hemicelluloses. 10 


ides. and oligosaccharides, which can be 
funher hydrolyzed or fermented. Removal of 
hemicellulose from the microfibrils is thought 1 
expose the erystalfine cellulose core, which o 

then be hydrolyzed by cellulase enzymes, In ad- 


dition, pretreatment typically breaks down the 


macroscopic rigidity of biomass and decreases 


the physical barriers t 
Premeatment. Thermochemi 
of biomass has Jong been recognizad as a critical 
technology to produce materials with acoeptable 
rmatic digest pe, dilute sub 
Furic acid pretreatment at 140° wo 200°C renders 
the cethilose in cell walls mon 
zymes. AU m 


10 mass transport 


em ies. For ei 


ieoessble 10 se 


charitying erate severitis (17), 


the hemicelluloses are hydrolyzed and the sugars 


are solubilized as monomers and oligomers; haw 
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ever, the yields of solubilized sugars are less than 
60 to 70%) (J8), For the acid 


quantitative (Le 


treatments, release of mono- and oligomeric s 
from hemicellulose exhibits multimodal kinetics in 
which a slow component directly relates to the 
high cost of conversion (/9, 20). For example, 
have noted that the 
solubilization of xylan in hemicellulose appears to 
be best modeled as a pair of parallel firstorder 


mnber of researchers (20 


reactions: one that takes place at a fast rate and 
pesses a a much shower rate 
thistime, 


another that pro 
Ww 
and it m 


savers this result isnot cea 


depend on a number of factors, such as 
hemicellulose composition; biomass density; the 
Presence of nonsu 


acid neutralizing ash, and acetyl and other carbox- 


ar components (such as lignin, 


yc acid groups}; plant cell structure (including the 
Iypes of cells oF ratios of primary and secondary 
cell walls); or mass transport. Pretreatment 
schemes based on alkaline explosive decom: 
pression and onganic solvent extractions have been 
proposed with considerable success (/3). The 
alkaline process, known as ammonia fiber expan 
sion (AFEX), leaves the hemicellulose in place but 
renders the remaining cell walls considerably more 
amenable to enzyme hydrolysis (26), 


Fig. 1. Structural and chemical complexity of cell-wall biomass. (A) Example of high-density bales 
‘of com stover harvested on the eastern plains of northern Colorado. (B) An atomic force 
micrograph of the maize parenchyma cell-wall surface. The diameter of individual microfibril is 
‘only about 3 to 5 nm. Scale bar, 50 nm. (C) A scanning electron micrograph of the cross-section of 
‘a maize stem shows vascular bundles and pith tissues, as well as the diverse cell sizes, shapes, and 
cell-wall thicknesses typical for higher-plant structure. Scale bar, 50 ym. 
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Enzymatic degradation. te 
nature, various cellulolytie micro- 
sms produce enzymes that 
fimetion synergistically and asso- 
cite withthe microorganism [such 
as the cellulosome (27, 28)] or 
act independently (such as most 
fiangal and many bacterial cellu- 
Tases) (29). Although it is not 
fully known how many enzymes 
are involved in cell-wall decon- 
struction, three general catego- 
ries of erzymes are considered 
necessary to hydrolyze native 


ccell-wall_ materials: cellulases, 
hi 
enzymes, which include hemi 
cellulose debranching, phenolic 
acid esterase, and possibly lignin 
degrading and modifying en- 
zymes (29). Once the hemi 
cellulose barrier associated with 
cell wall microfibrils has. been 
‘compromised by chemical jre- 
treatments, clllase enzymes ean 
be used to hydrolyze the nyse 
talline cellulose cores. of these 
structures, 

Crystalline cellulose is hydro 
lyzed by the synergistic action of 
ting (With respect 10 the 
cellulose chain) enzymes known 


nicellulases, and the accessory 


enn 


as endoglucanases, and exo- 
acting enzymes, known ats exo- 
tlicanases, The endoghucanases 
locate surface sites at locations, 
probably found at random, along 
the cellodestrin and insert a water 
molecule in the B-(14) bond, 
anew reducing and non 
reducing chain end pair fp- 
sghicosidases (cellobiases) act 10 
hydrolyze cellobiose, the product 
of cellulase action, andl thus ne 
Jieve the system from end-product 
inhibition, Cellulases and other 
atlycosy! hydrolases (30) are known 
to proceed through a two-step, 
Koshland-type mechanism that 
leaves the terminal C1 carbon 
hydroxyl in the configuration 
(retention of stereochemistry) o 
concerted. react 


and thus prevent it from reanneal- 
ng into the cellulose crystal, The 


removal of cellodextrins fiom the 
microfibeil cones thought to occur 
at these new chain ends and this 


A Coltilose microfibeil 


B Coluiose elementary fit H-bond network: 


Fig. 2. (A) A simplified model showing the interaction of the major poly- 
saccharides in the cell wall. (Lignin is not shown here because its interactions are 
‘ot well established.) In this system, hemicelluloses are closely associated to the 
surface ofthe rigid cellulose crystallite forming the microfibrit network. Pectins are 
cross-linked polysaccharides forming a hydrated gel that “glues” the cell-wall 
components together. (B) The 36-chain model of the cellulose elementary fibril 
Here, the depiction ofthe glucan chains is based generally on an x-ray structure of 
cellviose Ip (9). has been proposed (16) thatthe cellulose elementary fibril may 
Contain three groups of glucan chains: in group C1 (red) are six true cystaline 
chains; in group C2 (green) are 12 subcrystalline chains with a small degree of 
disorder; and in group C3 (blue) are 18 surtace chains that are subcrystalline with 2 
large degree of disorder. (C) The intra- and interchain hydrogen-bond network in 
cellulose I. 


Fig. 3. Artistic concept of an exoglucanase (the T. reesei cellobiohyrolase 1) 
acting on crystalline cellulose. In this depiction, the carbohydrate-binding module 
left) recognizes and binds to the cellulose surface. By 2 process not fully 
‘understood, a single chain of cellulose is “decrystallized” and directed into the 
active-site tunnel of the catalytic domain (right). This enzyme is thought to 
proceed along a cellulose chain cleaving one cellobiose unit per catalytic event 
until the chain ends or the enzyme becomes inactivated (40, 41), 
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Proce, considered 10 be the rite 
limiting step in cellulase action, is 
accomplished by exo 
known as the “processive”"ealulases 


Overcoming Biomass Recalcitrance 
Curent biomas-conyersion tech: 
nologies are primarily developed 
empirically, based on limited under 
standing of the biological and chem- 
ical propenies of biomass. Recent 
studies of plant development, car 
bohydrate chemistry, and the ult 
structure of cell walls continue to 
provide new insights into biomass 
ich the goal of 
producing cost-competitive biofuels 
fiom biomass, these new findings 
fiom plant science and carbohy 
date chemistry must be translated 
and integrated into the conversion 
processes. Further studies will un 
doubiedly rely on, for example, the 
development of new techniques for 
ing and characterizing the 
chemical topography of the cell 
wall at the 
future of research aimed at over 
coming biomass nealeitrance will 
primarily focus on the coengincer- 
ing of new call walls to be degraded 
by newly engineered enzymes de 
I for this role 

Plants designed for deconstruc- 
tion. Recent studies of plant cell 
wall biosynthesis are bey 


the structure and ch 
plant cell wall (70), Altho 
of our knowles 
the cell walls of higher plants are 
Viewed! as an assembly of biopoly 
mers, in some ways mimicking a 
“liquid crystal,” synthesized by 
pathways with t-yet undetermined 
controls (10, 32), For example, cel 
lulose is synthesized and assembled 
fon plasma membrane, whereas 
hamicelluloses are synthesized in 
the Golgi appa 

Despite 
knows regarding cell-wallstruc- 
Hh during the past 20 


is anecdotal, 


ture, re 


years, largely reductionist in. ap- 
proach, has led to a body of infor- 
mation regarding treatments of the 
cll wall that are effective for en= 
hancing ezyme action. Studies have 
shown that systematic removal of 
hemicelluloses, by cither acidic or 
enzymatic processes, results in the 
‘marked reduction in cellulase load- 
ings required to convert cellulose 


1 cellobiose or glucose (33, 34). Other studies 
have shown that a reduction in phenolic esters, 
such as those characteristic of the linkages be- 
‘ween lignins and hemicellulose, also permit a 
reduction in cellulase loadings (//). It has been 
theorized, therefore, that engineering plant cell 
‘walls by altering the molecular interactions be- 
‘ween hemicelluloses, lignin, and cellulose micro 
fibrils could result in more efficient use of costly 
cellulase enzymes, Finally of considerably greater 
potential benefit, and accordingly greater dilicul- 
ty, isthe possibility of changing the nature of eet 
lulose itself; Could the cellulase synthase complex 
be altered to produce" wounded” (in terms of either 
degree of crystallization oF polymerization) oclhi- 
ose more amenable to deconstruction? Would 
such a plan survive and thrive? 

‘Another scale of effective engineering of plant 
cells and structure may be at the Ievel of the oF 
_zanization of plant tisues. For example, because 
‘ofthe high economic and energetic costs of grind- 
ing, biomass-processing biorefineries would ideal= 
ly be capable of using feedstocks in the I to 
1S.cemimeter fragment range (78), This requires 
that catalyst (chemical ant enzyme) penetration 


throughout the material be optimal, Diflision of 


dissolved sods and water throughout plant tise is 
‘controlled by the amangement of vascular bunds, 
‘as well as pits between connecting cell walls. There- 
fore, another approach, one aimed at enhancing the 
Penetration of pretreatment chemicals and hyo 
Iytic enzymes, could be genetic engineering of the 
‘organization of vascular bundles and cell-wall pit 
density, Again, the concems regarding plant sur- 
Vivability and vigor can be mise with such an 
approach, 

Engineering catalsts and bioconversion 
savfems. In many ways, processive cellulases are 
“protein machines” (Fig. 3); however, cellulase 
‘enzymes function about one to two orders of mag- 
nitude more slowly than other polysaccharidases 
(33), Unfortunately, the enzymatic decrystalliza- 
tion process is both critical and poorly under- 
stood, and thus considerable research is needed to 
‘enhance the performance of cellulase action. EE 
feets to improve the performance of cellulases pri- 
rmatily follow two courses: () mining diversity to 
find new enzyme paradizans, and (ii) knowledge 
based protein engineering. For the later approach 
to be elective, the mechanism of action of these 
«enzymes in the context ofthe cellulose surface must 
be understood atthe molecular level. Although at- 
tempts have been made to adapt ditected evolu 
tion solutions tothe problem of cellulase-speitfic 
activity improvement, limitations in effective high- 
throughput sttegies and appropriate expression 
systems have slowed progress (/2) 

Future process scenarios have been proposed 
that combine key process steps, thus reducing 
‘overall process complexity and cost. One notable 
‘example is the consolidated biomass processing 
(CBP) technology (36). The CBP concept was 
probably initiated with the advent of the simulta- 


‘neous saccharification and fermentation (SSF) 
scheme used by Gauss in a process developed 
for Gulf Oil (37). More recently, thoughts about 
combining SSF with enzyme production have 
resuhed in new approaches to CBP, which could 
citer require enginecring an cthanologen (such as 
Saccharomsces cerevisiae) t0 be cellulolytic oF 
‘engineering a cellulase producer (such as Clos- 
tridium thermocellum) to be ethanologenic. For 
the C.thermocellum case. the bioenensstic benefits 
specific to growth on cellulose result from the 
efficiency of oligosaccharide uptake combined 
With intracellular phosphorolytic cleavage of Br 
Lzlucosidic bonds, another pathway not known in 
fungi. Scientists believe that these benefits ex- 
coed the bioeneryctic cast of cellulase synthesis, 
supporting the feasibility of anaerobic processing 
‘of cellulosic biomass without added saccharolytic 
enzymes (38) 


‘Outlook for an Advanced 

Biorefinery Industry 

Ultimately, biomass conversion processes are 
attractive because they are in practice today and 
extension to future scenarios iseasy forthe public 
twenvision. Although developing the technology 
for cos-effective motor fuel production by 2030 
is challenging, the advances in scientific under- 
standing necessity 10 achieve this goal appear 
realizable. The general path forward along the bi- 
‘ological fuels production route will generally rely 
‘on consolidation of processing steps, both in the 
cengincering and biological sense. Microbial cells 
will be expected to conduct multiple conversion 
reactions with high eflicieney and 0 remain robust 
toprocess conditions. These improvements require 
deeper understanding of cellular and metabolic 
processes. New generations of hydrolytic enzymes 
\ill function near their theoretical limits, and en- 
ergy plants will be modified to serve as improved 
substrates for these new generation exizymes. In- 
doe itis entirely possible that the next generation 
‘of energy plants will harbor the genes encoding 
enzymes necessary for selfdeconstruction, acti- 
vated before harvest orat the normal conclusion of | 
the growth cycle, 
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PERSPECTIVE 


Ethanol for a Sustainable 


Energy Future 


José Goldemberg* 


Renewable energy is one of the most efficient ways to achieve sustainable development. Increasing 
its share in the world matrix will help prolong the existence of fossil fuel reserves, address the 


threats posed by 


jate change, and enable better security of the energy supply on a global scale. 


‘Most of the "new renewable energy sources” are still undergoing large-scale commercial 
development, but some technologies are already well established. These include Brazilian 
sugarcane ethanol, which, after 30 years of production, is a global energy commodity that is fully 
‘competitive with motor gasoline and appropriate for replication in many countries. 


ustainable energy future depends on an 
A iesat tea crab ey 

especially in developing countries. One 
‘of the best ways to achieve such a goal is by 
replicating the large Brazilian program of sugar- 
‘eane ethanol, started in the 1970s, 

The World Commission on Environment and 
Development (WCED) in 1987 defined “sus- 
tainable development” as development that 
“meets the needs of the present without com 
promising the ability of future generations to 
ineet their own needs” (1). The clusiveness of 
‘such a definition has led to unending discussions 
‘among social scientists regarding the meaning of 
“future generations.” 

However, in the case of energy, exhaustible 
fossil fuels represent ~80% of the total world 
energy supply. At constant production and 
consumption, the presently known reserves of 
Coil will lst around 41 years, natural gas 64 years, 
sand coal 158 years (2), Although very simplified, 
such an analysis illustrates why fossil fucts 
‘cannot be considered as the world’s main source 
‘of energy for more than one or two generations, 
Besides the issue of depletion, fossil fel use 
presents setious environmental problems, partic~ 
Uularly global waning, Also, their production 
‘costs will increase as reserves approach exhaus- 
tion and as more expensive technologies are used 
to explore and extract less attractive resources. 
Finally, there are increasing concems for the 
security of the oil supply, originating. mainly 
fiom politically unstable regions of the work 

Except for nuclear energy, the most likely 
altematives to fossil fitels are renewable sources 
such as hydroelectric, biomass, wind, solar, 
‘geothermal, and marine tidal, Figure 1 shows 
the present world energy use. 

Fossil fuels (oi, coal, and gas) represent 80.1% 
Of the total world energy supply, nucksar enengy 
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6.3% and renewables 13.6%, The largest partis 
traditional biomass (8.5% of total primary en- 
ergy), which is used mainly in inefficient way 
such as in highly pollutant primitive cooking 
stoves used by poor nural populations, leading 
many eases to deforestation 

‘The “new renewable energy sourees” ammount 
10 16 exajoules (1 EJ = 10" J), of 3.4% of the 
total. Table 1 shows a breakdown of the co 
tribution of new renewables, which include small 
hydropower plants, Many of these technologies 
are still undergoing large-scale commercial 
development, including solar, wind, geothermal, 
and modem biomass. The largest part (1 
the total) is modem biomass, which refers 10 
‘biomass produced in a sustainable way and used 
for cletricity generation, heat production, and 
transportation of fiquid fuels. It includes: wood 
and forest residues from reforestation and/or 
sustainable management, as well as rural animal 
and agricultural) and urban residues (including 
solid waste and liquid effluents. 

From the perspective of sustainable energy 
development, renewables are widely available, 
ensuring greater sccurity of the enerey supply 


and reducing dependence on oil imports from 
politically unstable regions. Renewables are 
Jess polluting, both in terms of local emissions 
(such as particulates, sulfur, and lead) and green- 
house gases (carbon dioxide and methane) that 
cause global warming. They are also more labor- 
intensive, requiring more workforce per unit of 
energy than conventional fossil fuels (3), 

‘Although technologically mature, some ofthe 
renewable sources of energy ae more expensive 
than energy produced from fossil fuels, This is 
prrticularly the case for the “new renewables,” 
‘Traditional biomass is frequently not the object of 
‘commercial transactions and itis difficult to eval- 
Lute its costs, except the environmental ones. Cast 
‘continues to be the fundamental barrier to wide- 
spread axloption of traditional biomass despite its 
attractiveness from a sustainability perspective, 

Anumber of strategies have been adopted by 
‘govemments in the industrialized countries and 
Intemational financial institutions to encourage 
the use of “new renewables,” and there have 
been several successes, based on the use of tix 
breaks, subsidies, and renewable portfolio 
standards (RPS), Examples are the lange growth 
(of more than 35% per year, “albeit” trom a low 
‘hase value) for wind and solar photovoltatcs in 
industrialized countries such as Denmark, Gier- 
Spain, and the United States (4). These 
technologies are slowly spreading to developing 
countries through several str 

In developing countries, the best example of | 
4 lange growth in the use of renewables is given 
by the sugarcane ethanol program in. Brazil 
Tosa, ethanol production from sugarcane in the 
country is 16 billion liters (4.2 billion gallons) 
per year, requiring around 3 million hectares of 
Jand. The competition for land use between food 
and fitel has not been substantial: Sugarcane 
covers 10% of total cultivated land and 1% of 
total land available for agriculture in the country 
Total sugareane crop area (for sugar and ethanol) 
.6 million hectares. 


Fig. 2. World total primary energy supply 2004, shares of 11.2 bil 


470 €) (15, 16). 


n tons of oil equivalent, or 
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Production ofethanol from sugarcane can be 
replicated in other countries without serious 
damage 1 natural ecosystems. Worldwide, 
some 20 million hectares are used for growing 
sugarcane, mostly for sugar production (5), A 
simple calculation shows that expanding the 
Brazilian ethanol program by a factor of 10 (ie. 
an additional 30 million hectares of sugarcane 
in Brazil and in other countries) would supply 
‘enough ethanol to replace 10% of the gasoline 
used in the world, This land area is a small 
fraction of the more than | billion hectares of 
primary crops already harvested on the planet. 

‘What was the process that established firmly 
the ethanol program in Brazil? In the late 1970s, 
the Brazilian Federal Government mandated 
the mixture of anhydrous ethanol in gasoline 
(blends up to 25%) and encouraged car makers 
to produce engines running on pare hydrated 
ethanol (100%). Brian adoption 0 
datory regulations determining the amount of 
ethanol to be mixed with gasoline (basically a 
wable Portfolio Standard for fuel) was 
essential 10 the success of the program, The 
motivation was to reduce oil imports that Were 


Table 1. “New renewables,” by source in 2004 
(15); updated with data from (4, 16). Assumed 
average conversion efficiency: for biomass heat, 
85%; biomass electricity, 22%; biomass com 
bined heat and power (CHP), 80%; geothermal 


electricity, 10%; all others, 100%, 
Source! Zoe 
technology Brajoules Share in 
this sector 
“Modem biomass energy 
Total 901 56.19% 
Bioethanol 0.67 
odiesel 007 
Electricity 133 
Heat 694 
Geothermal energy 
Total 1.09 627% 
Electricity 028 
Heat 030 
Small hydropower 
Total 192 12.00% 
Wind electricity 
Total 150 935% 
Solar 
Total 250 15.43% 
Hot water 237 
Photovoltaic 006 
electricity, ord 
Photovaltac 0.06 
electricity, of-grid 
Thermal electicty 0.01 
Marine eneray (tide) 
Total 001 
Total 16.03 10.00% 


consuming one-half of the total amount of hand 
currency fom exports. Although it was a de- 
cision made by the federal zovemment during a 
military regime, it was well accepted by the civil 
society, agricultural sector, and car manufac- 
turers, Similar policies are being considered by 
the European Union, Japan, and several states in 
the United States. 

Such a policy decision ereated a market for 
ethanol, and production increased rapidly. Eth- 
anol costs decfined along a “leaming curve” (6) 
as production increased an average 6% per year, 
from 0.9 billion gallons in 1980 to 3.0 billion 
gallons in 1990 and to 42 billion gallons in 
2006. The cost of ethanol in 1980 was ap- 
[proximately throe times the cost of gaso 
govemmental cross-subsidies paid for the price 
difference at the pump, The subsidies can 
mostly from taxes on gasoline and were thus 
paid by automobile drivers. All fc prices were 
controlled by the government. Overall subsidies 
to ethanol are estimated to be around USS30 
billion over 20 years (7), but were more than 
‘oflset by a USSSO billion reduction of petroleum 
imports as of the end of 2006, Since the 1950s 
subsidies have been progressively removed, and 
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by 2004 ethanol became fully competitive 
‘with gasoline on the intemational markets with- 
out government intervention, Subsidies for 
<thanol production are a thing of the past in 
Brazil (Fig. 2), because new ethanol plants 
benefit from the economies of scale and the 
modem technology available today, such as the 
use of high-pressure boilers that allow co- 
gencration of eketricity, with surpluses sold to 
the electric power grid, 

‘The Brazilian ethanol program stanted as a 
‘way to reduce the reliance on oil imports, but it 
was soon realized that it had important en- 
‘vironmental and social benefits (8). Conversion 
to ethanol allowed the phasing-out of lead ad- 
ditives and MTBE (methy! tertiary butyl ether) 
and reduced sulfur, particulate matter, and 
carbon monoxide emissions. It helped mitigate 
greenhouse gas emissions efficiently, by having 
net positive energy balance (renewable enemy 
‘output versus fossil fuel inputs); also, sugarcane 
ethanol in Brazil costs less than other present 
technologies for ethanol production (Table 2) 
and is competitive with gasoline in the United 


States, even considering the impor duty of 


[USS0.54 per gallon and enengy effi 


penal 


° wom ——«oo@oo «OCOD «OOOO —«0,000 
Ethanol cumulative production (thousand m?) 


Fig. 2. Ethanol learning curve in volume, comparing the price paid to ethanol producers in Brazil 
with the price of gasoline in the international market of Rotterdam (6). 


Table 2. Ethanol costs and energy balances. 


cost Energy balance 
races. (USS per gallon) (renewable output to fossit input) 
Sugarcane, Bra 102 8) 

2006, without import tax oan 

2006, with U.S. import tax 135.09, 17 
Sugar beet, Europe, 2003 28907) 21.09) 
Coen, US, 2006 103 a7) @, 1) 
Celluose ethanol US. 100 (22) 

‘Achieved in 2006 225 42) 

Target for 2012 107 a2) 
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ties 30% or less with modem flexible fuel 
vehicle technologies) (9), The summer whole- 
sale price of gasoline in the United States is 
about S1.9 per gallon; the com ethanol whole- 
sale price is around USS2.S per gallon (10). 
Cellulose ethanol is a promising option in the 
Jong term, but is not being produced on a com- 
mercial scale. The longer-term target is as low as 
{60 cents per gallon, but this will require major 
advances in producing, collecting, and convert- 
ing biomass. A more realistic research target is 
to reduce the cast of production to USS1.07 per 
gallon until 2012 (12). 

‘The development of other biomass<derived 
fuels in Brazil or elsewhere could bene! 
such insights. Promising candidates along those 
Fines are the following 

1) The production of ethanol from cetlulos- 
ic materials, which still requires considerable 
R&D effort before reaching the production 
stage. IF the technology for such conversion is 
firmly established, it woukl open enomnous op- 
portunities for the use of all kinds of wood! and 
‘other biomass feedstocks fr ethanol production. 

2) The enhanced use of biogas produced 
from microbial conversion in. lanfils of munic~ 
ial solid wastes, wastewater, industrial eMuents, 
and manure wastes will abate a. considerable 
share of greenhouse gases that would be released 
to the atmosphere, replacing also fossil fuels for 
heat and electricity production, 

3) The use of planted forests forthe production 
‘of electricity cither by direct combustion or by 
gasification and use of highly efficient gas tur- 
bines will aso replace efficiently coal, natural 
ts oil, and even nuclear sources. Reforested 
‘Wood can also reduce the need for deforested ftel 
wood, controlling efficiently releases of green- 
house wases through market-triendly initiatives 


‘The ethanol program in Brazil was based on 
indigenous technology (both in the industrial 
and agricultural areas) and, in contrast to wind 
and solar photovoltaics, does not depend on 
imports, and the technology can be transferred t0 
other developing countries 

‘Until breakthrough technologies become com 
mercially Viable, an aliemative already exists: 
Many developing countries have suitable con- 
ditions to expand and replicate the Bravilian 
sugarcane program, supplying the work!’s gas- 
line motor vehicles with a renewable, effici 
cent fuel 
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PERSPECTIVE 


Renewable Energy 


Sources 


and the Realities of Setting 


an Energy Agenda 


Janez Potoénik 


The European Commission has been devoting considerable attention to eneray issues. This 
Perspective describes recent progress in Europe toward achieving goals for renewable energy 
Use, and the role that technology can play, as well as the new Strategic Energy Package. 


is undoubtedly moving up the po- 
iscsi scctinenioe 

addressed) urgently, If last years threats 
to European gas supplies during the dispute 
between Russia and Ukraine did not show the 


immediacy of the challenges such as energy 
supply, then the report toward the end of las 
ear by Sir Nicholas Stem (/) onthe economics 
Oof climate change must surely have rung a 
warning bell. 


‘The Buropean Commission has been devot- 
ing considerable attention to energy issues for 
some time now, We Were leaders in the process 
that brought about the Kyoto Protocol and have 
developed the first large-scale emissions trad- 
ing scheme in the world. In March 2006, we 
published a Green Paper on energy (2), which 
‘we have now, at the beginning of 2007, fol- 
lowed up with a strategie energy package (3) 
addressing energy policy in general and also out- 
Tining future European policy on various specific 
elements. 

One of these specific elements will be the 
elaboration at the European level ofa Strategic 
Energy Technology Plan (4), Research and 
technology will undoubtedly be enucial to crack- 
ing the energy and climate change nut. A recent 
study published by the European Comm 
sion (Fig. 1) (5) shows that, if existing trends 


European Commission, 1049 Bruxelles, Belgium. 
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continue, by 2050 CO; emissions will be un- 
sustainably high: 900 to 1000 parts per mil 

lion by volume, that is, well above what is 
considered an acceptable range for stabiliza- 
tion. Without determined action, enerey de- 
mand will double and electricity demand will 
quadruple, resulting in an 80% increase in CO2 
‘missions. However, technological development 
coupled with strong carbon constraint policies 
‘can limit this impaet, with world emissions stable 
between 2015 and 2030 and decreasing there- 
after, In this “carbon constraint” case, half of 
the total building stock would be made of tow- 
energy buildings, and more than half of the 
Vehicles would have low or very low emissions, a 
«lear example of how technological development 
Will contribute fo our enengy and environmental 
policy objectives, 

‘The strategic enengy packaye sets a target 
of 20% of Europe's energy coming from re- 
newable sources by 2020. If successtul, this 
‘would mean that by 2020 the European Union 
(EU) Would use about 13% less energy than 
today. stving €100 billion and around 780 metric 
tons of COs each year, For this to be realistic, 
significant strides need to be made, technolog- 
ically speaking. Today renewable energy is on 
the whole costly and intermittent, Even if we 
are looking to maintain & mix of sources of en- 
‘ergy, a cloudy windless day rules out gentera- 
tion from solar and wind power, And yet, on a 
‘bright windy day, enengy may go unused, be- 
‘cause it cannot be stored easily, Reliability and 
continuity are basic requirements if renewable 
sources of energy are to be seen as viable al 
lematives to oil, gas, and coal. Research and 
technological development are already bring- 
ing us closer to solutions inthis field. through 


improving fuel cells or redesigning clectricity 
grids to deal with more decentralized power 
generation. 

We believe that renewables have the po- 
tential to provide around a third of EU elec- 
tricity by 2020 (3). Current statistics indicate 
that this is not an unreasonable goal. Wind 
power currently provides roughly 20% of elee- 
tricity needs in Denmark, as well as 8% in 
Spain and 6% in Germany. If other Member 
‘States matched the levels that Sweden, Germa- 
ny, and Austria have attained in geothermal 
heat pumps and solar beating, the share of 
renewable energy in heating and cooling would 
jump by $0% As for biofucls, Sweden has 
already achieved a market share of 4% of the 
petrol market for bioethanol, and Germany is 
the world leader for biodiesel, with 6% of the 
diesel market. Biofuels could account for as 
much as 14% of transport fuels by 2020 (3). 
‘The European public is also clearly in favor of 
advancing renewable sources of energy. with 
4 rexent opinion poll (6) showing approval rat- 
ings for such energy ranging between 55% 
and 80% 

The European Commission has certainly 
taken this on board in its new research funding 
program, the Seventh Framework Programme 
(2). Within the energy theme of the coopera- 
tion program, which will focus on noncarbon 
‘or reduced-carbon sources of energy, empha- 
sis will be given to renewable electricity gen- 
eration, renewable fuct production, hydrogen 
and fuel cells, COz capture and storage tech- 
nologies, smart energy networks, enemy ef 
ccicney and savings, nuckar fission safely andl 
waste management, the development of fu- 
sion enengy. and knowledge for eneny policy 
making. The Seventh Framework Programme 
increases the annual funding available 10 
‘energy rescarch at the European level to €8N6 
million a year, compared to €374 million 
year in the previous program, But this is not 
‘enough: more combined effort is needed. In 
some areas, we have moved toward commen re- 
search agendas at the European level through 
the creation of European technology platforms 
(8). Several exist in the energy field, including 
for hydrogen and fucl cells, photovoltaics, zero- 
‘emission fossil-fuel power plants, and smart 
grids. Nonetheless, we have seen investment in 
energy research being reduced in national 
‘budgets over the past 20 years or so. And the 
research that és carried out is more often than 
not done in a fragmented, uncoordinated way, 
Jeading to duplication in some areas and other 
important aspects being underfunded or iz- 
nored. This is the raison d'étre of the Strate- 
tic Energy Technology Plan, which will, once 
agreed on, provide a basis for all energy tech- 
nology efforts in Europe, overcoming the lack 
‘of coherence that has unfortunately been present 
toa greater or lesser extent in the research pro- 
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grams at the national and European levels up 
1 now. 

During the first half of 2007, the Commis- 
sion will consult intensively with all thase that 
have a role to play in such a strategic plan, On 
the basis of these consultations, a text will be 
drawn up toward the middle of the year, upon 
which the research community, among others, 
will be invited 10 give its comments. It is im- 
portant that the ereation of the Strategic Energy 
‘Technology Plan is a collaborative bottom-up 
process if itis to have any chance of achiey= 
ing its stated objective of being a reference 
point for future European Union activities in 
this area. 

Since my appointment as European Science 
and Research Commissioner in. November 
2004, | have insisted on the importance of 
enceand research as the key to solving many 
the challenges that we face. I ean think of 
better illustration of this approach than the 
issue of enengy, Here, we have various require- 
ments in front of us: finding secure and sus- 
twinable sources of energy that support our 
conomie growth and competitiveness without 
damaging our environment, The answer to 
reconciling these requirements lies in knowing 
more and being better, We have a chance to 
work together to develop solutions to the 
problems of climate change and enerey supply 
that not only ensure our fiture economic de- 
velopment, but give European scientists and 
companies the opportunity to be (or remain) at 
the cutting edge of technological development, 
It is crucially important that we take this op- 
portunity and make it work, 


References and Notes 

1 Stern Review on the Econamics of Climate Change, 2006, 
tren. goK. uAndependent reviews 
stem_sevew_economks,climate_ changed 
‘serreview_ inden. 

2. Commision of the European Communities, Geen Pope: 
‘A European Stetegy for Sustoinable, Competitive ond 
Secure Energy, EC(2006) 317, hp europa. 
‘nergygreenpaper-energyod. 

2006.03.08 gp_documenten pd. 

3. Commission ofthe European Communities, 
‘Communkction rom the Commission tothe European 
‘Council ond the European Parliament An Energy Plky 
for urope, COM2007) fina, pz eurepaeulenesgy! 
‘energy_poioydoc_energy_poicy_for_europe_en.p. 


‘enegypalienergy_tech_eurobarometer_en pl 

7. Earopean Commission, Ofcit Journal, document L412 
2006); tpeur-ex.europaeuerUiServdotari-Of. 
(2006: 412:00014 HTML. 

18. er further information, see hipsters europa! 
‘echolagy plain didual_e. tl. 

‘9. The author isthe European Commissioner for Sence and 
Resear. 


10.1126 xience 1139086 


veww.sciencemag.org SCIENCE VOL315 9 FEBRUARY 2007 


811 


812 


Sustainability and Energy 


PERSPECTIVE 


Preparing to Capture Carbon 


Daniel P. Schrag 


Carbon sequestration from large sources of fossil fuel combustion, particularly coal, is an essential 
‘component of any serious plan to avoid catastrophic impacts of human-induced climate change. 
‘Scientific and economic challenges still exist, but none are serious enough to suggest that carbon 
‘capture and storage will not work at the scale required to offset trillions of tons of carbon dioxide 
‘emissions over the next century. The challenge is whether the technology will be ready when 


society decides that itis time to get going. 
trategies to lower carbon dioxide (C 
Sos to mata chagecone 
the flavors: reducing the amount of 
‘energy the world uses, cither through more ef- 
jent technology or through changes in ife- 
styles and behavions: expanding the use of enengy 
sources that do not ad COs to the atmosphere: 
and capturing the COs fiom places where we do 
fossil fuels and then storing it in geologic 
repositories, & process kriown as earbon segues 
tration. A survey of energy options makes clear 
that none of these isa silver bullet. The workt's 
‘energy system is too immense, the thirst for more 
enengy around the world too deep, anal 
(on fossil fuels too strong. All 
thie strategies are essential, but the one We are 
furthest from realizing is carbon sequestration. 

"The crucial need for carbon sequestration can 
be explained with one wont: coal, Coal produces 
the most COs per unit energy of all fossil fuels, 
nearly twice as much as natural gas. And unlike 
petroleum and natural gas, which are predicted to 
‘decline in total production well before the middle 
‘of the century, there is enough coal to last for 
‘centuries, a east at current rates of use, and that 
makes it cheap relative to almost every other 
source of enenty (Table 1), Today, coal and pe- 
troleum each account for roughly 40% of global 
CO} emissions. But by the end of the century, 
‘coal could account for more than 80%. Even with 
huge improvements in efficiency and phenome- 
nal rates of growth in nuctear, solar, wind, and 
biomass energy sources, the world will still rely 
heavily on coal, especially the five countries that 
hold 75% of world reserves: the United States, 
Russia, China, India, and Australia (/) 

‘Asa technological strategy. carbon sequestra- 
tion need not apply only to coal plants; indeed, 
any point source of CO can be sequestered, in- 
Juding biomass combustion, which would result 
in newative emissions. Carbon sequestration also 
roléts to enhanced biological uptake through 
rolorestation or fertilization of marine phyto- 
plankton, But the potential to enhance biological 
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Uptake of carbon pales in comparison 10 coal 
emissions, ever more so as India, China, and the 
United States expand their stock of coal-fired 
power plants, So developing and deploying the 
technologies to use coal without releasing COs 10 
the atmosphere may well be the most critic 
challenge we face, at least for the next 100 years, 
until the possibility of an affordable and com- 
ppkstely nonfossil enengy system can be realized. 

I carbon sequestration fom coal combustion 
is essential to mitigate the worst impacts of global 
Warming, what stands in the way of its broad 
implementation, both in the United States and 
around the world? With limited coal reserves, 
‘countries in the European Union have chosen to 
emphasize climate mitigation strategies that fo- 
‘cus on energy efficiency, renewable sources, and 
nuckar power OF the major coal producers, 
Russia, China, and India have been unwilling 10 
sacrifice short-term economic growth, although 
(Chinese coal gasification efforts, which many see 
as astep toward sequestration capacity, are more 
advanced than cument U.S. policies. Inthe 
United States, there are scientific and economic 
questions that must be answered before lange- 
scale deployment cin be achieved. But none of 
these is critical enough to suggest that carbon 
sequestration cannot be dane. The real obstacle is 
political will, which may require more dramatic 
‘Public reaction to climate change impacts before 
‘carbon sequestration becomes a requirement for 
‘buming coal. In the meantime, there are critical 
steps that can be taken that will prepare us forthe 
moment when that political will finally artives. 


‘The scientific questions about carbon seques- 
tration are primarily associated with concerns 
about the reliability of storage of vast quantities 
‘of COs in underground repositories, Will the CO 
escape? The good news is that the reservoirs do 
‘ot have to store COs forever, just long enough 10 
allow the natural carbon eyele to reduce the atmno- 
spheric CO: to near pre-industrial levels, The 
‘ocean contains 50 times as much carbon as the 
atmosphere, mostly in the deep ocean, which has 
yet to equilibrate with the COs from fossil fuel 
‘combustion. Over the time seale of mixing of the 
cep ocean, roughly 1000 10 2000 years, natural 
uptake of COs by the ocean, combined with dis- 
solution of marine carbonate, will absorb 0% of | 
the carbon released by human activities, As long 
as the geologic storage of COs can prevent sub- 
stantial leakage over the next few millennia, the 
carbon eyele can handle 
ur current understanding of COs injection 
in sedimentary reservoirs on land suggests that 
leakage rates are likely 10 be very low (2), De= 
spite many years of experience with injection of 
CO; for enhanced oil recovery, few studies have 
accurately measured the leakage rates over time 
intervals long enough to be certain that the CO 
‘will stay put even for the next few centuries. In 
most of the geological settings under considera- 
tion, such as deep saline aquifers oF old oi an 
szas fics, COs exists as a supereritical uid with 
roughly half the density of water. CO is trapped 
bby low-pemeability cap rocks and by capillary 
forces, but can escape if sedimentary formations 
are compromised by fractures, faults, or old drill 
holes. The handful of test sites around the workd 
cach inject roughly 1 million tons of COs per 
‘year. a tiny amount compared to the need for as 
‘much as 10 billion tons per yearby the middle of| 
the century. An important question is whether 
Jeakage rates will rise as more anid mone COs is 
injected and the reser oirs fill K seems likely that 
many geological settings will provide adequate 
storage, but the data to demonstrate this do not 
yet exist, A more expansive program aimed at 
‘monitoring underground COs injections. ina 
‘wide variety of geological settings is essential, 
‘A recent proposal identified a eak-proot ap 
reach to storage by injecting CO, in sediment 
below thesea floor (3), which avoids the hazards of 


Table 1. Carbon content in gigatons (Gt) of fossil fuel proven reserves and annual production 


(2005) (6). 
Countrytregion Coat Petroleum Natural gas 
Reserves Production Reserves Production Reserves Production 
United States 184.0 0.64 36 030 3.0 029 
Russia u7a 0.15 90 042 262 033 
China 85.4 124 1 016 13 0.03 
India 69.0 0.22 07 0.03 06 0.02 
Australia 58.6 0.23 0s 0.02 14 0.02 
Middle East 03 0.00 902 pete 39.4 0.6 
Total world 6782 3.23 1438 3.59 98.4 151 
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irvet ocean injection, including impacts on ocean 
ecology. In this ease, COs would stay separate 
from the ocean, because it exists inthe sediment at 
high pressure and low temperature as a dense 
liquid or combined with pore uid as solid hydrate. 
Despite higher possible costs, this approach may 
be important for coastal locations. which are far 
fiom appropriate sedimentary basins, and ray also 
avoid expensive monitoring efforts if kakage fom 
terrestrial settings is found to be a maior problem. 

In tems of capacity, the requirements are 
indced vast, Conservative estimates of reservoir 
needs over the century are more than 1 trillion 
tons of COs, and might exceed twice that much, 
‘This fr execeds the capacity of oil and gas ek, 
\which will be among the first targets for seques- 
tration projects because of additional revenues 
from enhanced oil recovery. Fortunately, the 
capacity of deep saline aquifers and deep-sea 
sediments is more than cnough to handle cen- 
turies of world coal emissions (3, 4). This means 
that the locations first used to store CO> une 
derground may not be the ones used by the 
middle of the century as sequestration efforts ex 
‘and, It suggests that a broad research program 
Inuist be encouraged that focuses not just on what 
will be done in the next few decades, but also on 
“approaches that will be needed atthe scale when 
all coal emissions will be captured, 

‘Additional questions surround the more expen- 
sive part of carbon sequestration, the capture of COs 
fiom a coabfined power plant. Conventional pulver 
iad coal plants bum coal in ait, producing a low 
Prssure effluent composed of SM nitrogen, 12% 
‘COs, ana 8% wate COs can be scrubbed front the 
intron using amine liquids or other chemicals, and 
then extracted anxd compressed for injection into 
storage locations. This uses energy. oughly 30% of 
the energy’ from the coal combustion in the fist 
place (4), and may mise the generating cost of 
electricity from coal by SO% (5), although these 
estimates are uncertain given that there isnot yet a 
‘cot plant that practices carbon sequestration. Pulk 
Verizad coal plants can also be retrofit to allow for 
‘combustion of coal in pure oxygen, although the 
separation of oxygen from air is similarly enerey 
intensive, an! the modifications wo the plant would 
be substantial and likely just as costly (4). 

Gasification of coal, which involves. heating 
and adding pare oxygen to make a mixture of 
carbon monoxide and hydrogen, ean be used 
cither for synthesis of Tiquid fuels oF for elec 
lricity, These plants can be designed to proxkice 
concentrated. steams of pressurized COs, offen 
relémad to as “capture-eady.” although this also 
‘comnes ata high cast. Much attention has been given 
tween gasification as a means for promoting carbon 
sequestration because studies sugwest that the costs 
are lower than retofiting an existing pulverized 
‘cal plant (4). However, experience with wasitica- 
tion plants is limited: there are only two such plants 
in the United States, and neither is capture ready: 
More encourayement of cal yasifcation technol- 


‘ogy is importnt to discover whether the promisesof 
lower sequestration casts can be realized. But 
reganlless of the emphasis on such advanced coal 
plants the work!’s existing arenal of pulverizal 
‘coal plants (exchaling the 150 new pulverized coal 
‘plants that are currently in the permiting process in 
‘the United States} produce roughly § billion tons of 
(COz per yeat, more than any responsible climate 
change policy can accommextate. Thus, the in- 
Vestment in advanced coal gasification plants 
must be matched by an effort to optimize our 
ability 10 capture the CO; from existing pul 
Vverized coal plants, 

Compared with the cost of most renewable 
energy sources, increasing the cost of electricity 
from eval by 50% to add sequestration seems like a 
‘bargain. When one includes the distribution and 
delivery charges, electric bills of most consumers 
would rise only 20R% or s0. So why is this not a 
higher priority in climate change legilation®? Most 
Jegal approaches to climate change mitigation have 
focused on market mechanisms, primarily cap and 
traxke programs. A problem is that the cap in Eu- 
rope and any of the caps under discussion in the 
US. Congress yiekd a price on carbon that is well 
‘below the cost of capture and storage. Even if the 
‘cap Were loweral, power companics might hestate 
to invest in the infastructure required for seques- 
tration because of volatility in the price of carbon. 
‘Thus, it seems that another mechanism is required, 
at hast 19 get carbon sequestration projects start, 

‘And there are many other questions. Who 
will cenify a storage site as appropriate? How 
will the capacity be determined? Who will be 
responsible if CO; leaks? How will we safeguard 
against cheating? It is clear that govermments 
need 10 play some roke in COs storage, just as 
they do in other forms of waste dispossl, but the 
‘exact details of a policy are unlikely to be decided 
in the near future, long before carbon sequestra- 
tion becomes normal practice. But the uncertain- 
ty about these and other ities contributes to a 
‘general cloudiness that discourages industry from 
‘making investments toward sequestration efforts. 

Despite these obstacles, a variety of carbon 
sequestration activities are proceeding. Regional 
partnerships have been established in the United 
States, supported by the U.S. Department of En- 
ergy (DOE), 10 study the possibilities for se 
‘questration around the country. In 2003, President 
Bush announced a commitment to FutureGen, a 
DOE project to build a zero-cmission coal gas- 
ification plant that would capture and store all the 
(COs it produced. FutureGen is an exciting step 
forward, but a single coal gasification plant that 
demonstrates carbon sequestration is unlikely to 
convince the world that carbon sequestration is 
the right strategy to reduce COs emissions. More- 
‘over, a power plant operated by the govemment 
‘may fail to convince power companies that the 
costs of sequestration are well determined. 

Luckily, FutureGen has competitors. British 
Petroleum (BP), in cooperation with General 
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Electric, plans to build two cletricity-generating 
plants, one in Scotland and one in California, that 
‘would sequester CO> with enhanced oil recovery. 
Xcel Enenzy has also made a comm to 
build a coal gasification plant with sequestration. 
And more projects may soon be announced as 
companies begin to view legislation controlling 
(©O2 emissions asa political inevitability. 
Given the current questions about sequest 
tion technology, the current economic reali 
that make it unlikely that many companies will 
invest in sequestration overa sustained period, and 
the politcal realities that make it unlikely we wi 
see in the next few years & price on carbon high 
‘enough to force sequestration from coal, what can 
government do to make sure that carbon seques- 
tration is ready when we need if? Whatever the 
time to get going, not just with smal test 
industrial experiments, 
‘The announcements by BP and Xecl Enengy are 
encouraging because the workd needs many such 
sequestration projects operating at diflerent loca 
tices, with a handfial of capture strategies and a 
‘wider variety of geological settings forstorage. The 
USS. goverment can encourage these efforts, andl 
sponsor additional ones, making sure that dhere ae 
10 10 20 lange sequestration projets operating for 
the next decade s0 that any problems that do aise 
‘with capture oF storage can be identified, By 
creating a competitive bidding process for long: 
term sequestration contract, the United States can 
ceisure that the most costeflicient strategies Will be 
sed while testing a variety oF capture and storage 
‘options including retrofitting okder pulverized coal 
plants, The United States and the world need car= 
bon sequestration — not right now, but soon and at 
san enormous scale. Our challenge tay is 49 
sure that the technology is ready. when serious 
politcal action on climate change is finally taken, 
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Enceladus: Cosmic 


Graffiti 


Artist Caught in the Act 


‘Anne Verbiscer,* 


ard French,? Mark Showa! 


atum’s geologically active moon Enceladus 
S: is fitingly named for the mythological 
giant who produces Mount Etna's vo 
fires. The moon's south polar plume eruptions 
ive rise to the vast, tenuous E ring that en- 
shrouds atleast 1 satellites, Despite its small size, 
Enceladus is even more deserving of its gigantic 
namesake, Here, we report Hubble Space Teke- 
scope (HIST) observations of Satum's satellites at 
true opposition that show how material originating 
from Enceladus alters the appearance of its E-ring 
neighbors, 
On the night of 13 January 2005, a rare 


asurement of the albedos of 
ellites 


Iter, Paul Helfenstein® 


tion, Helene’s shape is not well represented by 
simple triaxial ellipsoid. 

‘The extraordinarily high albedo of Enceladus 
is reasonable for a geologically active body un- 
dergoing continuous resurfacing. The fact th 
P= | for all embedded satellites is, however, 
striking. because the other bodies have anc 
inactive surfaces. Most icy moons in the outer 
lar system have p» values between 0.2 and 04 
exceptions include satellites with relatively 
young surfaces such as Jupiter's Europa [p = 09 
(A)] and Neptune's Triton | p = O8 (5)]. which 
also has active geysers 

‘We propose that 
particles, ultimately. fro 


tactions with E-fing 
Enceladus’ plumes, 


the smallest solar phase 


(Earth-Sun-Saturn) angle i“ 
(= 0.01") attainable sab Encoladus, 
heliocentric dis- = 
Previously, their oil 2 
212] 2 
geometric albedos were § = 
poorly determined and ry 
could be estimated only & a" g 
by extrapolating photomet- ou 
Fic models to zero phase. 
Geometric albedo, p, is 
the ratio ofa satellites re- 
Aectance at «= 0 to that 2 4 6 % 
‘of a perfectly diffusing eee een Rig) 


disk viewed at the same 
position and apparent size 
Al albedos measured at 
true opposition are co 
siderably higher than pre~ 
\ious estimates (table SI), 
For example, pis 1,23 for 
Tethys versus 0.80 previ- 
‘ously, and pis 1.00 for Dione versus 0.55 
previously (2). With the exception of Janus (= 
0.71) and Epimetheus (p= 0.73), which orbit 
interior to the E ring, the albedos ofall satellites 
measured here approximate or exceed unity 
(3). A strong correlation exists (Fig. 1) between 
pp and the pole-on radial reflectance profile of 
ring as a function of orbital radius. 
an satellites of 
5 respectively. are visible within 
HST field of view. Both also have p > 1: 
however, these values are uncertain because of 
low signal-to-noise ratios and large correc: 
ions for charge transfer efficiency. In addi 


embedded satellites 


‘mimics the pole-on 


Fig. 1. The mean visual geometric albedo, p (left vertical axis), of the 


‘Mimas (0.96), Enceladus (1.38), Tethys (1.23), 


Dione (1.00), and Rhea (0,95) versus radial distance from Saturn (Rs) 


reflectance (IF) profile (soli 


and right 


vertical axis) of the E ring. HST's Wide Field and Planetary Camera 2 
(WFPC2) observed both the 1995 ring plane crossings (10) and the 
satellites at true opposition with the same filter (F5SSW). 


produce the high albedos on Tethys, Mimas, 
Dione, and Rhea. After ejection from Eneela- 
dus’ south pole, nongravitational forces excite 
the eccentricities of E-ring grains (6). These 
particles collide with the embedded satel 
surfices at high relative velocities (6). Mo: 
the ejecta resulting from this sandblasting falls 
‘back onto the sstellte surfaces, coating them with 
clean, icy microstructures suited to enhancing the 
reflectance at opposition (7) 

a more complete understanding of 
the regolith physical properties is ultimate 
expected from the analysis of full solar phase 
‘curves (reflectance versus «for 0° <a-< 180°), a 


preliminary analysis of the phase curves near 
‘opposition (4 < 64°) using the Hapke (8) model 
suzgests that differences in the opposition effect 
(OE) among the embedded satellites may indeed 
be related to the degree to which they encounter 
E-ring grains, OF, the dramatic, nonlinear in- 
crease in reflectance as a—+ 0°, is characterized 
by its amplitude and angular width, both of which 
depend on the microphysical structure and den- 
sity ofregotith 


8 phase curves 
correlate with position in the E-fing (fig, SI). 
Three groupings of satellites emerge with sim- 
ilar OE amplitudes and widths: Tethys. and 
Enceladus; Mimas, Dione, and Rhea; and Janus 
and Epimetheus. In models that sue 
produce the E-ring brightness pro 
Enceladus experience substantially higher impact 
rates from E-ring particles than do Mimas, Dione 
and Rhea (9), E-ring paticles donot impact 
Janus and Epimetheus. 

At least four additional small satellites or- 
bit within the E ring: two between Mimas and 
Enceladus and two more Lagrangia 
nions of Tethys and Dione, Although 
iments must await the acquis 


as well, Inevitably, mater 
impacts all satellites orbiting within the E ring, 
‘enhancing their albedos at the hands of a dimin- 
wi, 
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‘We present a statistical representation of the aggregate effects of deep convection on the 
‘chemistry and dynamics of the upper troposphere (UD) based on direct aircraft observations of 
the chemical composition of the UT over the eastern United States and Canada during summer. 
These measurements provide unique observational constraints on the chemistry occurring 
downwind of convection and the rate at which air in the UT is recycled. These results provide 
‘quantitative measures that can be used to evaluate global climate and chemistry models, 


cep convection isa highly efficient mech- 
Distr sa ipo of 

from near Earth's surface (0 to 2 km) 10 
the UT (6 to 12 km) (/-). Typical convective 
stonns hve spatial seales of tens of kilometers 
and vertical velocities as lange as 1S. m s"" (6), 
‘making theér local influence in the UT extremely 
strong. The rapid upward flow is balanced by 
downdrafls within the convective storms and 
rch slower descending flow that oecurs over a 
larger spatial seale (7). Convection is also 
associated with lightning, an important source 
Of NOx (NOy = NO © NOs) in the UT (8, 9. 
The source strength and! spatial distribution of 
lightning NO, emissions are not well known, 
With estimates ranging from 2 0 20 Tg N year! 
for the global average (/0), compared to 25 Te 


"Department of Chemistry, Univesity of Clfornia, Berkeley 
CA 94720, USA. "Division of Chemistry and Chemical 
Engineering, Calfomia lostute of Technolgy, Pasadena 
A91125, USA "Division of Engineering and Appbed Sclence, 
California Insitute of Technclogy, Pasadena, CA 91125, USA. 
“Divsion of Geological and Planetary Sciences, Caltornia 
Insite of Technology, Pasadena, CA91125, USA. “insite 
{or the Study of Earth, Oceans, and Spce, University of New 
Hampshire, Durham, NH 03824, USA. “NASA Langley 
Research Center, Hampton, VA 23681, USA. "School of Ocean 
‘and Earth Science Technology, University of Hawai at Manoa, 
Honolulu, Hi 96822, USA "Department of Atmospheric and 
Oceanic Science, University of Maryland, College Park, MO 
20742, USA. "NASA Goddard Space Flight Center, Greenbelt, 
‘MO 20771, USA. “Department of Meteorology, Florida State 
University, Tallahasee,FL32305, USA. "Schoo of Earth and 
Aumospherc Sciences, Georgia institute of Technology, 
‘lana, GA 30332, USA “Department of Chemisty. 
Univesity of California, vine, CA 92697, USA. NASA Ames 
Research Center, Moet Field, CA 94035, USA. “National 
Genter for Atmospheric Research, Boulder, CO 80305, USA. 
Graduate School of Oceanography, Univesity of Rhode 
Islnd, Narraganset, RI 02882, USA. Department of Earth 
and Planetary Science, Univesty of Calfomia, Besley, Ch 
‘98720, USA. 


‘To whom correspondence should be addresed. Emait 
‘cohen @ cchem.berkeley.edu 


9 FEBRUARY 2007 VOL315 SCIENCE 


N_ year"* from fossil fuel combustion (11), 
Although there have been a number of case 
studies of the chemical effects of individual 
stomns (12), studies of the aggregate effects of 
convection on the chemical composition and 
radiative forcing of the UT have been laggely 
the province of modcling and theory (73, 14. 
Here, we describe measurements that provide 
2 direct link between an observable property 
and the ensemble of convective events 
The chemical and radiative consequenc 
‘of convection and lightning are known to be 
large (2, 15, 16). Upper tropospheric Os, ether 
transported directly from the boundary layer via 
onveetion or formed in situ after detrainn 
‘of convectively lofied Os precursors [NO, 
hydrogen radicals (HO,), and hydrocarbons} 
in the outflow region, directly affects climate 
through a positive radiative forcing (15). Addi- 
tionally deep convection accounts fora substantial 
fraction of the net flux of moisture from near 
Earth's surface tothe UT (/7) (Fig. 1). Thus, the 
rate at which the UT i turd over by convection 


Fig. 2. In moist comvec- 


convective outfiow region. 


has important implications for the hydrological 
gele and the magnitude of the water vapor 
feedback on global temperature (/8) 

We describe a method for ealeulating, from 
in situ measurements of the chemical com- 
position of the UT, the length of time that an air 
‘mass spends in the UT after convection, and we 
discuss the chemistry occurring in the outflow 
region as a function of time since convection, 
We use measurements of NO} (9, 20) (NOg is 
calculated from NOs, Os, HO, and photolysis 
rates), HNOs (2/, 22), OH and HO> (23), Os. 
aerosol number density (24), SO2, actinic ux 
{from which photolysis rite coefficients (fe) 
for NOx (Jxo,) HINO} (Juso,), and many 
other species are calculated] (25), CO (26), 
and COs (27) obtained during the Intercon- 
tinental Chemical Transport Experiment -Nomth 
America (INTEX-NA) about the NASA DC-8 
(28), Measurements were made at altitudes: be= 
tween the surface and 12.5 km overa wide area 
fof the United States and Canada, west of 40°W 
and between 30° and SO°N. There were a lange 
number of vertical profiles, allowing a reason- 
ably unbiased statistical sampling of air over this 
region during July and August 2004 

We use the deviation of the observed 
NO¥IINOs ratio from steady state as an indi- 
‘ator of convective influence, The NINO} re 
tio is reset to near infinity in moist convection as 
result of preferential wet scavenging of HNO, 
relative 1 NO, (ie, the solubility of NOs is 

10° times that of NO,) (29). Further, Hightning- 
produced NO,, often coincident with convee- 
tion, markedly enhances NO, in the outflow 
region, The coupling of these processes makes the 
NOwIINOs ratio in the UT an effective indieator 
‘of convective influence, where NOYHNOs >> 1 is 
indicative of recent cloud outflow (30, $7). In the 
days after convection, the ratio decays toward 
steady state, providing a chemical clock that 
marks the length of time that an air mass his 
spont in the UT after convection (32). Previous 
studies have used species that have no UT sou 
(6. CHyD) (33) or alternative chemical ratios 10 
prov ide estimates of age of air in the UT (34, 35). 
Our study is unique because of the avai 


‘After detainment into the UT, NO, s comerted to HNO, by OH during the day and through reaction with NOs, 
{olloned by hydrobsis ofthe NOs product, at night. The chemical evoltion of the NOJHNOS ratio provides a 
unique indicator ofthe length of time that a sampled air mass has been in the UT after convection. 
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nd NOs measurements with high 
time resolution, which allows us to build a much 
more extensive data set than in previous studies. 
fier the initia turbulent mixing in the near field 
‘of the convection, mixing is slow; thus, the time 
evolution of the NOJHNOs ratio after eonvec- 
tion depends langely on the partitioning of NO, 
(between NO and NO,), the concentration of 
OI, and the actinic flux, 

nitrogen partitioning in the UT. 
sinks of UT NO, are reaction with 
OL to produce HNO, (Eq. 1) and. les through 
NOs (Eqs, 2a and 2b), where M represents a thind 
molecule (ex., Na, O2) that absorbs the excess 
vibrational enerey of the association reaction, fol- 
lowed by hydrolysis of NzOs to proxtuce HINOs 
(36). NOx is regenerated by HNOs photolysis and 
reaction of OT with HINOs (and subsequent NOs 
photolysis to NOs) (Eqs. 3 and 4). 


NOz +O} M— HNO\*M (1) 
NOz+O;—+ NO) +0; Qa) 
NOy | NOp | M #* NoOs §M 2b) 
HINO; “+ O11 + NOx 8 


HINO, + OH —* NOs + LO) 


Assuming a diumal steady state for HNOs, the 
NOJIINOs ratio can be calculated as 


( (Now! ) 
TINO aya 
Aro, + kro, son OU 


(vo, 01011) + 24y,0, «1058G2) » (BEY) 


rts 


O41 1 40 foo 
{INO,] / [HNOs} ) obs / (INO,} / [HNO3) ss 


Fig. 2. Observed deviation of the NOJHNOS ratio 
from steady sate as a function of altitude in the UT. 
The mean values within rim vertical bins are 
denoted by circles. The steady-state NO/HNOs ratio 
was calculated from measured NO, OH. and Hino. 
The grayscale data points wese calculated from 
observations taken during INTEX-NA. 


here & is the reaction rate coefficient, NOJINOs 
is expected to be larger than the steady-state 
value because wet scavenging removes HNO; 
faster than the time to reach steady state (37), 
‘Our observations show the NOHNOs ratio to 
bbe much higher than the ratio described by 
Eq. 5 at altitudes greater than 6 km (Fi 
The difference between the observed ratio and 
that prodicted by Eq. 5 grows with altitude, 
reaching a maximum at 10 km. Previous ob- 
servations of NO, and HNOs [either measured 
directly or calculated fom observations of 
NO, peroxyacetylnitrate (PAN), and NOy = 
NO, + total perony nitrates + total alkyl nitrates + 
HINOs © 2 © NOs + other minor components} 
have shown NOyHNOs to be significantly 
larger than the steady-state prediction in the 
UT (30, 31, 38-42), This has been shown 10 
be primarily a result of convection and light- 
ning reintializing the system before steady state 
is achieved (30, 37). Although there are other 
hypotheses (40-42), we [like Jacglt et al. (32)] 
fing no evidence fora mechanism other than con 
Vection responsible for hokling NOHNOs, out 
‘of steady state in the UT. 

Chemical signatures of convection, Figure 3 
depicts one of many convectively influenced air 
masses sampled in the UT during INTEX-NA. 
‘Three distinct convective events (40 to 80 km 
\wi) a inti by enharncements in NO/TINO} 
in Fig 3. Coincidem enhancements are present 
in SO}, an indicator of a recent boundary-layer 
‘source for this air, and in ultrafine condensation 
nuclei (UCN) (3 = Dp = 10 am, where Dp is the 
particle diameter an indicator of cloux! de- 
trainment (Fig. 3B) (43, 44), Sharp decreases in 
(COs also indicate the presence of boundary-layer 
air that has been depleted in COs by photo- 
synthetic activity (Fig. 3C) (44), Enhancements 
in CO, CHAO, and various hydrocarbons relative 
to the surrounding UT air were also observed in 
these plumes, confimning that these parcels orig- 
inate from the pkinctary boundary layer (PBL). 
Backward air trajcctories, initialized along the 
fight track and mapped omto the spatial and tcm- 
poral distribution of cloud-o-ground lightning 
strikes indicate that this air mass was influenced 
by lightning about I day before DC-8 sampling 
(Fig. 36), Such features with high NO/AINOS 
ratios were observed throughout the UT during 
INTEXNA. 

To assess the extent to which the UT over 
the eastem United States and Canada during the 
summer of 2004 was influenced by convection, 
and to describe the chemical evolution of con- 
veetive outflow, we used a constrained time- 
dependent photochemical box model to map the 
observed NOJHNOs ratio to the time since the 
ratio was last reinitialized (45). It was initialized 
‘with observations at km vertical intervals from 
6 to 12 km. The derived timing indicator for the 
cconvectively influenced air sampled on 11 August 
2006 is shown in Fig. 3D. The properties of the 
ensemble of our measurements are shown in 
Fivs 410 6, 
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The aemsol size distibution provides an in- 
dependent indicator of air recently detrained 
fiom clouds. Cloud-processed air is depleted of 
aerosol surface arca, permitting new particle f 
‘mation in the outlow region (43, 4) Figure 4A 
depicts the faction of condensation nucle found 
in the 3- 10-nm bin as a function of time since 
convective influence. The fraction of particles in 
this ultrafine mode is largest during the fist few 
days, which confinns that the NOVIINOs ratio, 
and the timing indicator derived from i, is re- 
initialized in the UT by cloud processing. Strong 
enhancements in CH;OOI 30>, also an indica 
tor of recent cloud processing (33), were observeat 
during the first 2 days after cloud processing 

‘As expected, both elevated NO, and sup- 
pressed HNOs are observed! at short times (Fig. 
4, Band C). Enhancement in NO, during the first 
few days is indicative of convection of boundary- 
layer andior lightning NO, (46), The suppression 
‘of HINO at short times is clear indication of 
HINOs scavenging during convection, Figure 4D 
confims that reactive nitrogen (NO,) is. con 
served during the chemical processing after 
convection, a foct that provides further support 
for the use of NO¥IINOs as marker rpresent- 
ing time since convection, 

Chemical processing in convective outflow, 
Mapping the ensemble of observations: made 
throughout the UT onto the coordinate of time 
since convection allows us to assess the chem- 
ical and dynamical processes oceurring after 
convection without attempting a Lagrangian con 
‘ection study. In this analysis we concentrate on 
the time evolution of CO and Qs. 

The time evolution of CO ater detrainment 
ino the UT is set by the abundance of OH and 
the rate at which the convective plume entrains 
air from the background UT (Fig. 5A), Because 
the chemical clock directly depends on HO, we 
constrained both OH and HO3 10 the observa- 
tions as a function of NO, and pressure in the 
time-dependent model used to generate time. AS 
a result, we can iterate the model to determine 
the proper mixing rate of the convestive plume 
bby matching the modeled and observed time 
evolution of CO after convection, Using this ap 
proach for a series of long-lived species (ex. 
©O, Chi, CHOH), we calculated an average 
mixing rate of 0.05 = 0,02 day after detrainment 
ito the UT. This isin good agreement wit the 
‘upper limit of 0.06 10 0.1 day" determined by Ray 
al, from observations of convective plumes 
‘observed in the stratosphere (47). However itis 
slower than the 2-day dilution time seale de- 
termined by Wang et al. from observations in 
the UT (32). Because the DC-S did not routin 
sample in the turbulent environment direc 
ssumounding convective outflow, this mixing rate 
likely reflects diffusive and shear-induced mixing 
subsequent to the initial turbulent mixing 
jeccurring during detrainment from the convec- 
tive system. 

Figure SB shows the Os mixing ratio as a 
function of time since convection. We find that 
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‘on average, convectively lofted air masses eon- 
tain less Os than the background UT. This re- 
sult is consistent with the observed vertical 
gradient in Os measured over the continental 
United States during INTEX-NA. with lower Os 
in the PBL than above (48). Rapil changes in the 
(O5 mixing ratio are observed during the first 2 
days afler detrainment, with the observed Os 
10nmol mot * above the initial value by the end 
of day 2. The observed rate of increase slows 
‘exponentially with an asymptote at long times 
approaching zero and the Os mixing ratio ap- 
proaching a constant value of 82 nmol mot | 
This is a surprising result, as our model of the 
‘Os rate of change never approaches zero but con 
tinues to predict a net increase of 3 amol mot! 
Oy day! at the end of day 5 (49), 

Constraints on the convective turnover rate 
of the UT, The convective tumover rate of the 
UT is ctitical for accurately describing NO,, 
HO, and Oy chemistry in the UT (50). How- 
‘ever at present there are few observation-based 
constraints available (either meteorological or 
chemical) to test the aggregate effects of eonvee 
tion in the current generation of global chemistry 
and climate models, To detemnine the convective 
tumover rate of the UT from the observations 


Fig. 3. (A to D) Time series of mea- 
‘surement taken in the vicinity of recent 
convective activity on 11 August 2004 
between 5 and 9 km. (A) Three distinet 
convective plumes, each indicated by 
‘sharp increase in the NOyHNO} 
ratio, (B and C) Coincident enance- 
iments in SOp and UCN (@ nm > Dp > 
10 nm) and coincident sharp drops in 


INO (HNO 


presented here itis necessary to know with high 
confidence both the extent to which the UT is 
influenced by convection and the fraction of PBL 
air in the convectively influenced air masses. 

To determine the fraction of PBL air con- 
tained in fresh convective outflow, we used obser 
vations of insoluble long-lived species, Assuming 
that we conducted a statistically unbiased sam- 
piling of beth the boundary layer and free tropo- 
sphere during INTEX-NA, we can calculate the 
fraction of PBL air present in fresh convection 
(f) acconding to 


Xluty-0) =/iXarsee + (1 = AiXlur (6 


where [Xlumro) is the mean mixing ratio of 
species X in fresh convective outflow (as iden- 
tified using our timing indicator), [XJur is the 
mean mixing ratio of species X in the UT (7.8 
to LLS km), and [X]eetoe i the mean mixing 
ratio of species X between 0 and 1.5 km. Using 
‘observations of CO, COs, CHAOH, Cl, and 
Gg we calculated the faction of PBL air in 
fresh convection to be 0.19 = 0,05, 0.11 » 0.03, 
0.26 = 0.05, 0.1S = 0.05, and 034 » 0.09, 
respectively. We calculated a weighted average 


for the fraction of PBL air in convective outflow 
of 0.17 = 0.02 by weighting each value by the 
inverse square of its uncertainty. This result im- 
plies that convestively lofted PBL air rapidly 
cntrains the surrounding air ether during ascent 
fo in the turbulent environment of the detraining 
flow. These results are consistent with the ob- 
servations of Ray ef al, who determined the 
fiaction of trppospheric air in convective plumes 
‘sampled inthe stratosphere to be between 0,1 and 
0.4 (47), However, our results suggest a smaller 
faction than the observations of Cohan et al 
‘who calculated the fraction of boundary-layer 
in fresh convective outflow to be between 0, 
and 0,64 (33), and the modeling studies of 
Mallendore et a., who calculated the faction of 
PBL air present in the convective outtlow re 
fof a supercell stom 10 hours aller ston 
Iialzation 1 be 0.26 (51). 

Figure 6A. shows the normalized frequency 
distribution of the time since convection, based 
fon the NOJINOy ratio, We found that $4% of 
the air between 7.5 and 11,5 km was influenced 
bby convection during the past 2 days, The con 
vective outflow was strongest between 9.5 and 
105 km, where the faction of air that is less 
than 2 days old exceeds 69% The vertical dis- 


(uo exceed non 


CO,, indicative of the convective 


\ofting of boundary-layer air depleted 
in COp, The derived time since the = 


sampled air mass had been influenced © 2” 
by conection is tom in (DB 
NUON ightning hits mall dot on 10 
and 11 August. The color scale rep- Fy 
resensthe time of the hit hour) before & see 


aircraft sampling. The DGB sampling 
location corresponding to measure- 
iments shown inthe top panel is located 
‘on the Maine-New Brunswick border 
(46°N, 67°). The 2-day back-trajectory 
linitieed at the point of the second 
‘convective plume shown in (A) is also 
color-coded by time before DC-B 
sampling (circles with black edges). The 
G8 flight track on 11 August 2004 is 
shown by the heavy black line, 
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tribution presented here is consistent with pre- 
vious analyses of convective outflow to the UT 
from individual storms (4, 52) and the vertical 
Aistribution of convectively influenced laminae 
observed in O3 sonde data from the summer 
of 2004 over the northeastem United States. 
‘The shift toward longer times between 103 and 
ILS km suggests two possibilities: that convec- 
tive cloud tops on average do not extend higher 
than 10. km over the mid-latitudes during sum- 
mer (53), oF that transport of stratospheric air rich 
in HINOs contributes to keeping the NOyHNOs 
ratio low at altitudes higher than 10.5 km. 

‘To constrain the tumover rate of the UT from 
the ensemble statistics generated from our cal- 
culated time since convective influence (Fig. 6A), 
‘we constructed a two-dimensional (2D) model 
‘of the UT. On the basis of typical wind speeds, 
‘we assume that it takes 4 days for any individual 
mode! point to pass through the sampling region 
‘and that each point has not beer influenced by 


{NOq) (pmot mort) (UCN-CN) / UCN 


Diy pete) [HNO3] (pmol mot) 
288 82 8 8 8 £8888 ze 


+t 


{i ¢ fo 6 
Time since last convective influence (days) 


Fig. 4. Observations of (A) the fraction of ultrafine 
condensation nuclei [number density of aerosol (3, 
to 10 nm)total aerosol number density], (B) NOs, 
(© HNOs, and (D) NO, as a function of modeled 
time since convective influence. Means and medians 
‘of the observations, within B-hour bins, are shown 
along with the interquartile range (shaded region). 
Results from the time-dependent box model, 
initialized at 10 km and at noon, are shown with 
dashed lines forthe gas-phase species [(B) to (D)]. 


convection upon entering the sampling win- 
dow. Every 6 hours, we represented convec- 
tion by randomly reinitializing the age of x% 
of the points to 0 [the value of x is determined 
by the turnover rate (varied between 0.05 and 
0.2 day") and the fraction of PBL air con- 
tained in ffesh convection (assumed to be a 
constant at 0.17)}, and we then diluted cach point 
with the mean value of the adjacent 8 points 
at the rate of 0.05 day 

Figure 6B depicts the observed and three 
calculated normalized frequency distributions 
Of time since convective influence between 7.5 
and 11.5 km. The shape of the distibution sug- 
gests that UT air sumpled during INTEX-NA 
was strongly influenced by convection, and that 
comvectively lofted plumes did not have sulfi- 
cient time to either mix or age before sam: 
pling: instead, air was transported to the east 
out of the domain. Cakulated frequency dis- 
tributions of time since convection, obtained 
by collecting the points in the eastem half of 
the 2D UT mode! analysis (where we sampled 
most frequently), are also shown in Fig. 6B. 
Assuming the DC-8 made a statistically un- 
biased sampling of the continental UT during 
summer, the best match among the three model 
calculations and observations would imply con- 
\veetive tumover nate between 0.1 and 0.2 day” 
However, if we assume that the DCS had a 
Positive bias toward sampling fiesh convection, 
‘our observed frequey distibutions are most 
consistent with a convective tumover rae closer 
10 0.1 day (SA. 

For comparison, the Goddard Earth Obsery- 
ing System (GEOS-4) data assimilation mod! 
dtrainment cloud mass flux between 400 and 
200 hPa (-7.2 to 11.X km) forthe domain (80° 
{0 1OQPW for 30° 10 35°N and 70° t0 LFW for 
35° to SOPN) between I July and 15 August 


A 


{CO} (remot mov!) 


{03} (remot mot") 


o t 2 3 4 8 
‘Teme since last convective influence (days) 


Fig. 5. Observations of CO (A) and ozone (B) as a 
{function of modeled time since cloud processing in 
the UT. Means and medians of the observations, 
within hour bins, are shown along with the in- 
‘terquartile range (shaded region). Results from the 
time-dependent box model, initialized at 10 km 
and at noon, are shown with dashed fines. 
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2004 was 0.0085 kg m? s"*. This corresponds 
10a tumover rate of 0.37 day” (using a column 
mass of 1.9 = 10° ke m™* between 7.2 and 
118 km). Further investigation is; needed to 
understand the source of the difference between 
four observed tumover rte and the one derived 
fiom the model. 

Conclusions. Our observations provide unique 
constraints on (i) the extent to which convec- 
tion perturbs the continental UT dui 
mer, (i) the fraction of boundary 
in convective outflow, and (ii) the convective 
‘overtuming rate of the UT. In addition, the chem- 
ical clock described here defines a coordinate 
that can be used to assexs the chemistry oceusting 
downwind of convective injection. These direct 
measures of atmospheric rates present a new 
‘opportunity for quantitative tests of model rep- 
resentations of processes goveming UT ozone, 
convection, and lightning and their impact on 
imate, 
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Fig. 6. (A) Normalized 
frequency distribution in 
the time since convective 
influence, a5 calculated 
from observations of the 
NOYHNO, ratio made dur- 
ing summer 2004. Calcu- 
lations ate separated into 
-km altitude bins (range 
7.5 to 11.5 km). The frac- 
tion of air that had been 
influenced by convection 
within the past 2 days 
(ea dap) 5 shown, (B) Com 
parison of observed fre- 
‘quency distribution (7.5 to 7 4 
1115 km) with various mod- 

led representations of the 
convective turnover rate, 
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A Membrane Receptor for Retinol 
Binding Protein Mediates Cellular 
Uptake of Vitamin A 


Riki Kawaguchi,’ Jiamei 


Jane Honda,? Jane Hu,? Julian Whitelegge, 


Peipei Ping,”® Patrick Wiita,* Dean Bok,”** Hui Sun*** 


Vitamin A has diverse biological functions. It is transported in the blood as a complex with retinol 
binding protein (RBP), but the molecular mechanism by which vitamin A is absorbed by cells from 


the vitamin A-RBP complex is not clearly understood. We identifie 


bovine retinal pigment 


epithetium cells STRA6, a multitransmembrane domain protein, as a specific membrane receptor 
for RBP. STRA6 binds to RBP with high affinity and has robust vitamin A uptake activity from the 
vitamin A-REP complex. It is widely expressed in embryonic development and in adult organ 

systems. The REP receptor represents a major physiological mediator of cellular vitamin A uptake. 


itamin A and its derivatives are essential 
\ ] for vision (/) and many other biological 
Processes, because they are involved in 

the proliferation and differentiation of many cell 
types throughout life (2, 3}. The majority of 
dietary vitamin A is stored inthe liver. The prin- 
Cipal physiological carrier of vitamin A (retinol) 
in the blood for delivery to other organs is retinol 
binding protein (RBP) (4). RBP is responsible 
for a well-egulated transport system that pro- 


‘vides an evolutionary advantage by helping ver- 
febrates adapt to fluctuations in vitamin A in 
natural environments (5). RBP also functions as 
a signal in insulin resistance (6), Loss of RBP 
makes mice extremely sensitive 10 vitamin A 
deficiency, because the hepatic vitamin A store 
can no longer be mobilized (7), Even with a nu- 
tritionally complete diet, RBP knockout mice 
hhave dramatically lower serum vitamin A con- 
centrations, similar to the concentrations in the 
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later stages of vitamin A deficiency in humans. 
Given the role of vitamin A in immune 
regulation and the susceptibility of vitamin 
A-deficient children to infection before visual 
symptoms (8), itis likely that the immune sys- 
tem is compromised in RBP knockout mice 
even under vitamin A-sufficient conditions. 
Indeed, the circulating immunoglobulin amount 
in these mice is half of that in wild-type mice, 
even under vitamin A sufficiency (9). In hue 
mans, loss of RBP function causes a dark adap- 
tation defect and progressive atrophy of the 
al pigment epithelium (RPE) at young ages 
(10). Under conditions of vitamin A. deticiency 
at which wik-type mice behave normally, RBP 
knockout mice have severe developmental detcts 
n embryos (77) and rapid vision loss in adults 
aller merely a week of vitamin A deficiency (7). 
addition, these mice rapidly develop testicular 
defeets (12) 
Iw 
exists & specifi 


first shown in the 1970s that there 
cell surface receptor for RBP 
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Fig. 2. (A) Schematic 
diagram of the strat 
egy used to identity 
the RBP receptor. The 
structure of the amino- 
reactive and photo- 
reactive cross-tinker is 
shown on the top and 
illustrated a5 red sym- 
bols in the diagram. 
The letter H above the 
symbol for RBP repre- 
sents the 6XHis tag at 
the terminus. Shaded 
rectangles represent 
membrane. (B) Binding 
‘of AP-RBP to freshly 
dissected bovine RPE 
cells (top), AP reaction 
product is deep purple. 
Presence of 10-fold ex- 
cess REP abolished the 
labeling (bottom). The 
hexagonal shape of an 
RPE cell is outlined in 


fon the RPE and on intestinal epithelial cells 
(13-16). During the past 3 decades, eviden 
has also accumulated for the existence of the 
RBP receptor on other tissue or cell types, 
the placenta (17-20), choroid plexus 
2/), tests (/8, 22), and macrophages (23), 
The cell surface RBP receptor not only speci 
ically binds to RBP but also mediates vitamin A 
uptake from vitamin A-loaded RBP (holo-RBP) 
(15-17, 20, 22, 23). Here, we report the iden- 
tification of the RBP receptor as STRAG, a 
widely expressed mubtitransmembrane domai 
protein, STRAG met all three critenia expected of 
the RBP receptor. Fist, it confered RBP bind- 
ing to transfected cells. Second, it mediated cel- 
lular uptake of vitamin A. Third, itwas localized 
to the cellular locations expected of the RBP re- 
‘ceptor in native tissues 

Identification of the RBP receptor as STRAG, 
Potential obstacles to purifying the RBP 
ceptor included the fragility of the receptor 
protein and the transient nature of binding 
We designed a strategy to stabilize the RBP- 
receptor and xy permitted 
hi ty purification of the RBP-receptor 
complex. The strategy combina the 6Xhistidi 
tag (His tag)-nickel system and a bifun 
al crosslinker with an ve group 
and a photore: roup (Fig. 1A), We used 
bovine RPE cells as the starting material 
cause express the RBP 1 
ceptor at high concentrations (/3). Because 
N-terminal alkaline phosphatase (AP) tagged 
RBP was able to specifically bind to its re- 
ceptor on RPE cells with a staining pattem 
expected for basolateral membranes. (Fig. 
1B), we created His-tagged RBP (Ilis-RBP) 


ey are known to 


AP-RBP +10X RBP 
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by tagging at the N terminus of RBP. After 
binding purified His-RBP_ protein conjugated 
with the crosslinker to RPE membranes, ult- 
Violet (UV) crosslinking, membrane solubiliza- 
tion, and nickel resin purification, we observed 
a covalent protein complex of about 80. kD 
containing RBP and its putative weeptor (Fig. 
IC), Mass spectrometry analysis revealed that 
the RBP binding protein in the complex was 
'STRA6, a protein that has 11 putative transmem- 
‘brane domains but has no homology to any pro- 
tein with known function (Jig. SI). STRAG is a 
retinoic acid-induced gene in P19 embryonic 
carcinoma cells (24). 

‘STRAG mediates RBP binding and vitamin 
A uptake from holo-RBP. To test whether 
STRAG could confer RBP binding to transfected 
cells, we transfected bovine STRAG eDNA into 
COS-1 cells. Bovine STRAG transfected but 
‘not untransfected cells bound to AP-RBP with 
high affinity (Kg = 59 nM) (Fig, 2, Nand B), An 
excess of unlabeled RBP blocked this binding 
activity (Fig. 2B), To test whether STRAG coukl 
enhance cellular vitamin A. uptake from holo- 
RBP, we performed both *H-retinol-based as- 
says (Fig. 2C) and. high-performance liquid 
chromatography (HPLC)-based assays (F 
D tot), STRAO expression dramatically in- 
creased cellular vitamin A uptake from holo- 
RBP. Vitamin A is preferentially stored as retinyl 
«ster afler uptake from holo-RBP (25), Lecithin 
retinol acyltransferase (LRAT) is the enzyme that 
converts retinol into retiny! ester (26) and plays 
‘an important role in vitamin A storage (27, 28), 
‘Thus, we included LRAT expression in most vie 
tamin A uptake assays. By using an assy based 
con *Hretino:RBP, we found that STRAG ae= 


red dotted lines in each picture. Scale bars indicate 10 um. (C) Immunoblot bound to RPE membrane but not cross-linked to the receptor. Untagged RBP 
analysis using an antibody against RBP. Molecular weight marker is shown on competition in lane 4 prevented His-RBP from binding to RPE membrane and 
the left (in KD). The His-RBP monomer band represents His-RBP that was therefore lowered signals for both the complex and the monomer band. 


wwwesciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007 821 


| RESEARCH ARTICLES 


822 


tivity was most evident in the presence of LRAT 
(Fig. 20), because LRAT makes it possible to 
store Vitamin A at high concentration in the form 
‘of retinyl esters, the more sable derivative of 
vitamin A. tn these assays, nearly all specific 
Vitamin A uptake activity, which was sensitive t9 
‘blocking by an excess of unlabeled RBP, was 


ducto STRAG. Vitamin A uptake by COS-I cells 
transfected with STRAG and LRAT was highly 
efficient. When the concentration of *H-retinol- 
RBP was 3 nM in the medium and cell density 
‘was 1.8 = 10° cellyml, about 25% of the total 
radioactivity was taken up by cells in 1 hour, and 
about SOM of the total radioactivity was taken up 


\ 
\ user 
= 


‘We ie ee Be Be he eo ae Ge eee . T 
Wvelngin rom) 


Weng (on 


Fig. 2. ROP binding and vitamin A uptake activity of STRAG. (A) Binding of REP to live COS-1 ces 
‘transfected with STRA6 (top) but not to untransfected cells (bottom). The AP reaction product is deep purple. 
Scale bar, 20 um. (B) Concentration dependence of the binding of AP-RBP to live COS-1 cells transfected with 
STRA6. Controls are LRAT-transfected cells, untransfected cells, and STRAG-ransfected cells with 50x 
unlabeled RBP during binding. The plots for these three controls are superimposed on this graph. (C) 
Comparison of vitamin A uptake activities from 7H-retinoURBP. U, S,L, and S/L denote untransfected cellsand 
ells transfected with STRA6, LRAT, and both, respectively. RBP, 100x unlabeled holo-RBP. The activity of St 
‘els is defined a5 100%. Error bars indicate SD. (D to H) HPLC assays of vitamin A uptake for COS-1 cells 
transfected with STRAS and LRAT (green) or LRAT alone (red) and for untransfected cells (blue). AU, 
absorbance units (D) HPLC profile of hexane extracts of COS-1 cells aftr vitamin A uptake from holo-RBP. 
‘Arrowheads indicate peaks representing retiy! ester. Peaks representing hexane-soluble peptides asterisks) 
serve as an internal contol. (E) Overlay ofthe retinyl ester peaks in (D). (F) Overlay of absorption spectra of 
the retinyl ester peaks in (D). (G) Overay of the retinyl ester peaks from similar HPLC runs. as shown in (D) but 
using 25% human serum as the source of holo-RBP. (H) Overlay of absorption spectra of the peaks in (G). 


by cells in 2 hours. The amount of retinol taken 
‘up by cells in 1 hour is about 4.6 times the motes 
of RBP bound to the cell surtice at steady state, 
Wealso used HPLC to analyze vitamin A uptake 
mediated by STRAG (Fig. 2, D to 1D. In this 
assay, untranfected COS-1 cells. accumulated 
lle retinyl ester, COS-1 cells transfected with 
LRAT alone did accumulate a small amount of 
‘etinyl esters, but cells cotransfected with STRAG 
and LRAT showed a 15-fold higher amount of | 
‘tiny! ester accumulation than that of cells trans- 
fected with LRAT alone (Fig. 2, D to F). Atthe 
ssiturating retinol-RBP concentration (0.44 4M) 
wed for the HPLC assays, the amount of retinol 
taken up by cells in 1 hour is about 14 times the 
moles of RBP bound to the cell surface at steady 
state. Holo-RBP in the blood is in complex with 
the thyroxine binding protein, transthyretin 
(TTR), Although TTR blocks the vitamin A exit 
site in the holo-RBP-TTR complex (29), the fet 
that tisues take up vitamin A. from holo-RBP- 
TTR in the blood in vivo suggests that TTR cane 
‘oot completely inhibit tise vitamin A uptake 
fiom holo-RBP. When we assayed vitamin A 
uptake by using human serum as the source of 
the holo-RBP-TTR complex, STRAG coukd still 
efficiently take up vitamin A from this complex 
(Fig, 2, Gand I), 

Because wetinoic acid up-regulates STRAG i 
certain cancer cell fines such as WiDr human 
colon adenocarcinoma cells (24, 30), we used 
WiDr cells as an independent model to study 
Vitamin A uptake mediated by STRAG, We 
creased STRAG expression in WiDr cells by 
retinoic acid treatment and decreased its expres 
sion by RNA interference (RNAi), Consistent 
‘with STRAG'S function in mediating vitamin A 
‘uptake from holo-RBP, its increased expression 
by retinoic acid treatment enhanced vitamin A 
uptake whereas its decreased expression 
by specific RNAi knockdown suppressed vit 
‘min A uptake activity (Fig. 3) In addition, we 
performed RNAi knockdown experiments on 
primary bovine RPE cultures. Again a decrease 
in STRAG expression suppressed RPE's vitamin 
uptake activity from holo-RBP (Fig. 3B), 

Because STRAG is not homologous to any’ 
proiein of known function and has never been 
characterized at the structural level, we used an 
‘unbiased strategy to test the eflects of mutations 
on STRAG function, We produced and charae- 
terized $0 random missense mutants of STRAG 
and! found that 3 of them have substantial loss of | 
Vitamin A. uptake activity (Fig. 3, C to E), The 
Jocations of these mutations in the putative 
transmembrane topology model of STRAG 
shown in fig. S1B. Mutants 2 and 3 (M2.and M3) 
‘were not expressed at the cell surice, which may 
be sufficient to account for the dramatic loss of 
RBP binding and vitamin A uptake activity from 
holo-RBP. Mutant 1 (M1) was. nonmally 
pressed at the cell surface but had substantially 
reduced RBP binding and vitamin A- uptake 
activity. The loss of RBP binding for MI may 
account for its lower vitamin A uptake activity. 
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Characterization of STRAG-mediated vita- 
min A uptake from holo-RBP. We found that 
STRAG-mediated vitamin A uptake is spec 
RBP. STRAG could not enhance cellular uptake 
fof vitamin A when vitamin A was bound 10 
bovine serum albumin (BSA) or [Hactoglobulin 
(Fig. 4A), STRAG-mediated vitamin uptake 
saturable with regard fo retinol RBP con- 


Fig. 3. STRA6 RNAi in native cell 
types and STRAS mutagenesis. (A) 
Retinoic acid (RA) treatment of 
WiDr cells increases the expression 
‘of STRAG and the vitamin A uptake 
activity of WiDr cells, whereas 
STRAG RNAi treatment Suppresses 
STRAG expression and vitamin A 
uptake activity. NCis negative con 
trol RNAi oligonucleotide (oligo). 
5-1, 5-2, and 5-3 are RNAi oligos 
for human STRAG. Error bars 
indicate SD. (B) STRAG RNAi treat- 
‘ment suppresses STRAG expression 
and vitamin A uptake activity of 
primary bovine RPE culture. 5-4, 
5:5, and S-6 are RNAi oligos for 
bovine STRAG, (C) Comparison of 
vitamin A uptake activities of 
COS-L cells transfected with bo- 
Vine STRAG wild-type (WT) or 
mutants Gin?®°--His!™ieu™®. 

ro™* (M1), Leu??*--His?**/Tyr36 His! (M2), and Leu??”--Arg?”” (M3). 
Activity of cells transfected with WT STRAG is defined as 100%. (D) Comparison 
‘of AP-RBP binding activities of COS-1 cels transfected with bovine STRA6 WT or 


centration (Fig. 4B and fi 
studies from the past 3 decades had indicated that 
endocytosis is not required for RBP receptor 
mediated vitamin A uptake from holo-RBP 
(14-17, 20, 22, 25), In agreement with these 
studies, metabolic inhibitors that effectively 

hibited endocytosis did not inhibit STRA6- 
mediated vitamin A uptake by STRAGransfected 


RESEARCH ARTICLES [ 


COS-1 cells oF retinoic acid-stimulated WiDr 
cells (Fig. 4C and 4D), Membranes. prepared 
fiom transfected cells have vitamin A uptake 
activity similar to that of live cells (Fig, 4E), The 
robust activity of this cellfive system also argues 
against an endocytosis-based mechanism, We 
monitored both RBP. 


52). A variety of 


Bessssses8 


tw) 
AP-RBP binding (percentage of WT) 


ES 


mutant M1, M2, oF M3. Activity of cells transfected with WT STRAG is defined a5, 
100%. (E) Surface expression of wildtype or mutant STRAG as assayed by 
immunostaining of transfected tive COS-1 cals. Scale bar, 10 jim, 


Fig. 4. Characterization of STRAS~ 
mediated vitamin A uptake from 
holo-RBP. (A) STRA6 mediates 
*H-retinol uptake from *H-retinol 
bound to RBP, but not *H-retinol 
bound to BSA or f-lactoglobutin. 
“Transfected” indicates transfec- 
tion with STRA6 and LRAT. Retinol 
uptake activity of transfected cells 
from holo-ROP is defined as 100%. 
Error bars indicate SD. (B) STRAG- 
mediated vitamin A uptake is satu- 
rable with regard to retinol-RBP 
concentration. The highest retinol 
uptake activity at 60 min is defined 
5 100%. (©) Ma mibture of meta- 
bolic inhibitors 2-deaxyolucose and 
sodium azide) effectively inhibits 
horseradish peroxidase (HRP) en- 
docytosis of COS-1 cells (eft) but 
does not inhibit the vitamin A 
uptake activity of COS-1 cells trans 
fected with STRAG and LRAT (S/U 
(ight. L LRAT transfected els. 
The activity of S/Lclls without Mis 
defined as 100%. (D) Ml effectively 
inhibits HRP endocytosis by WiDr cells (ef, but does not inhibit vitamin A 
uptake activity of WiDr cells right. The activity of WiDr cells treated with 40 mM 
retinoic acid but without Mis defined as 100%. () Vitamin A uptake activity of 
membrane fractions of human embryonic kidney 293 cells. U, S, Land Sit 
denote membranes from untransfected cel, cells transfected with STRAS, LRAT, 
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‘and both, respectively. R, 100 holo-RBP. The activity of S/L cells is defined as 
100%. (F) RBP remains outside the cell after STRAG-mediated vitamin A uptake 
from holo-RBP for 8 hours. Absorption spectra of RP that remains in the 
supernatant of untransfected cells (eft) and cells transfected with STRA6 and 
LRAT (right are shown. 


823 
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We purified the RBP in the cell 


A and me 


alter cellular uptake of vitamin 


the absorption spectrum of the purilied RP (Fig 
4F), A preferential decrease in the vitamin A peak 
for RBP taken from the medium of STRA6- and 
LRAT-ransfocted cells again argued against a 


endocytosis-based mechanism. 
Localization of STRAG is consistent with 
its function as the RBP receptor. 


localization of STRAG has been studi i 
ously (24), STRAG is expressed during embry 
onie development and in the adult brain, splee 
kidney, female genital tract, and testis (and a 
ower quantities in heart and lung). Furthermore 


STRAG is highly ¢ 


RPE in the adul 


£STRAG 


bodies against bovine STRAG ne 


immunohistochemistry on several adult organs 


Ab is localize 


membrane (Fig, 5, A to C), a location consister 
With its role in interacting with RBP in the 
choriocapillaris blood (74). In contrast to its 
absence in the endothelial cells of the chor 
capillaris (Fig. 3, A and B), STRA6 was expressed 
in retinal blood vessels, another location 
bloox/-tetina barrier (Fig. 5, D and E), Hole RBP 


from retinal blood vessels is a potential sou 
vitwnin A for Miller cells in the retina (31). b 
{-brain barriers as observed in 


il STRAG expressio 


Fig. 5. immunolocalization 
of STRAS, Green signal is 
STRAS. Red signal is perop 
sin, an apical RPE marker (A) 
oF GSL I-isolectin B4, 
endothelial cell marke 
(8, D, FG, and HD. Blue sig 
ral is nuclear stain 4',6 
diamidino-2-phenylindole 
(DAPD, Scale bars represent 
10 jm in (A) to (© and 40 
jim in (D) to (H). CH, cho- 
roid; 05, photoreceptor out 
ments; ONL 
uclear layer; and INL, inne 
nuclear layer. (A and B) 
STRAS is localized to the 
basolateral membrane of 
the RPE. Arrowheads indi 
cate signals on the lateral 
‘membrane of RPE cells, (C) A 
tangential section of the 
RPE layer. (D and) STRAG 
signals are most enriched in 
the RPE layer of the eye but 
are also present in the blood 
vessels in retina, (E) is an 
‘overexposed picture of (0) to 
show the weaker signals in 
retina blood vessels. (F) Localization of STRA6 in hip 
large blood vessels positive for STRAS 


er outer 


;ge arrowhead) and negative for 
STRAG (small arrowhead). The STRA6-negative vessel is surrounded by 


box SF). In Given the potent ns 
accont ok joxicity) of vitamin A and its derivatives (2-4), a 
Inform: ¢ controlled release of vitamin A into cells from 
(EST) tissue profile for STRAG, we >RBP through STRAG has an evolutionary 
xd STRAG expression in the placenta (Fig ver nonspecific diffusion of vitamin 

5G) and the spleen (Fig. 5H). schanism makes it possible to achieve 
Discussion. ney and specificity itamin A 


is suppe ans distant from the liver such as 
absence of vitami the eye, brain, placenta, and tests, 
¢ STRAG’s localization in adult brain is con 


itamin A’s roles in regulating adult 


ical synchrony during sleep (36) 


ession in the placenta and testis is 
of RBP in delivering 
). STRAG ex 


ith the 1k 
1 spleen 
Vitamin A in immune regulation 


0 NCBI's EST 


brane transporte fitate their transport. beth known to depend on vitamin A for proper 
For example, prostaglandin can pass the mem- function (38, 39), Undifferentiated human skin 
brane by simp prostaglandin keratinocytes were found to have the highest 
ransporte facilitates its transport across RBP binding activity of any cell or tissue types 
membranes (33) In addition, there is strong ex- tested (/8), The absence or very low expression 
perimental apport xi f STRAG in the liver (24) makes physiological 
an RBP receptor . ita sense, Liver is the major site of production of 
A uptake (/3-23). This study has identifiad vitamin A-loaded RBP to deliver vitamin A to 
STRAG as the RBP recep RBP-STRAG peripheral If STRAG was highly ex 

n represents a small-molecule deli «xl in the liver and absorbed vitamin A from 

ism that involves an extracellular carrier holo-RBP produced by liver itself, a shon circuit 


les of STRA6-positive astrocyte perivascular endfeet. (G) Localization of STRAG 
in placenta. (H) STRAG is highly expressed in a subset of cells in the 


campus. Exam 
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STRAG was originally found to be a retinoic 
acid-stimulated gene in cancer cell lines 
(24, 30). However, itis possible that there are 
certain noncancer cell types that respond to 
retinoic acid to stimulate STRAG expression. For 
‘example, vitamin A combined with retinoic acid 
increases retinol uptake inthe lung in a synengistic 
‘manner (40), consistent with the ability of retinoic 
acid (0 stimulate STRAG expression. One study 
found that STRAG was overexpressed up to 172 
fold in 14 out of 14 human colorectal tumors nel- 
ative to the normal colon tissue (30). Thus, the 
RBP-STRAG system not only functions as a 
physiological mechanism of vitamin A. uptake 
but also potentially participates in pathological 
processes such as insulin resistance (6) and cancer. 

Note added in proof: A recent human 
enetic study (47) found that mutations in 
the human S7RA6 gene are associated with 
Widespread birth defects in multiple organ 
systems. This is consistent with the expression 
of STRAG and the diverse functions of vitae 
min A in embryonic development. 
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A Common Explosion Mechanism 
for Type la Supernovae 


Paolo A. Mazzali,*”** Friedrich K. Répke,* Stefano Benetti,* Wolfgang Hillebrandt* 


Type la supernovae, the thermonuclear explosions of white dwarf stars composed of carbon and 
‘oxygen, were instrumental as distance indicators in establishing the acceleration of the universe's 
‘expansion. However, the physics of the explosion are debated. Here we report a systematic spectral 
analysis of a large sample of well-observed type la supemovae. Mapping the velocity distribution of 
the main products of nuclear burning, we constrain theoretical scenarios. We find that all 
supernovae have low-velocity cores of stable iron-group elements. Outside this core, nickel-56 
dominates the supernova ejecta. The outer extent of the iron-group material depends on the 


amount of nickel-56 and coincides with the inner extent of 
19. The outer extent of the bulk of silicon is similar in all supernovae, having an 


incomplete burr 


icon, the principal product of 


‘expansion velocity of 11,000 kilometers per second and corresponding to 2 mass of slightly over 
‘one solar mass. This indicates that all the supernovae considered here burned similar masses and 
suggests that their progenitors had the same mass. Synthetic light-curve parameters and three- 
dimensional explosion simulations support this interpretation, A single explosion scenario, possibly 
a delayed detonation, may thus explain most type la supemovae. 


hen a white dwarf (WD) composed of 
arbon and oxygen, accreting mass 
from a companion sir in a binary sy3- 

tem, approaches the Chandrasekhar mass [Mey 
1,38 solar masses (Ma) high temperature causes 
the ignition of explosive nuckar buming reac- 
tions that process stellar material and produce 
‘energy. The star explodes, leaving no remnant 
producing a type ta supemova (SNla) (J). At high 


stellar material densities, buming yields nuclear 
statistical equilibrium (NSE) isotopes. in partic- 
ular radioactive “Ni, which decays 0 “Co and 
“Fe, making the SN bright (2), At lower den- 
sities, inemeaiate-mass elements (IME) are syn- 
thesized. Both groups of elements are observed 
in the optical spectra of type la supemovae 
(SNela) (3). An empirical relation between an 
observed quantity, the blue ()-magnitude de- 
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line over the first 1S days after maximum 
Juminosity [Ams (B)]. and a physical quantity, 
the SN maximum luminosity (4), ean be used to 
determine the distance to a SNla, This methexd 
vas applied to very distant SNela, leading to the 
discovery of the accelerating universe (3, 4), 
How the explosion actually proceeds is, how- 
ever, debated (7-9), as is the nature of the 
progenitor system: Aceretion may occur either 
fiom a more massive companion (such as 
giant) or via the menging of two carbon-oxyzen 
WDs (/0). This casts a shadow on the reliability 
of SNela as distance indicators, because in- 
trinsically very dlflerent explosions may result 
in the observed correlation. 
We derived the distribu 
elements. in 23 


40, 


from before maximum to the late nebular phase, 
about 1 year later. The sample (able S1) covers 
a wide range of light-curve decline rates and in- 
ludes peculiar objects such as SN20000x, which 
violates the luminosity -decline-rate relation 
Because of the hydrodynamic properties of 
the explosion, the expansion velocity of the 
jects is proportional to the radius and serves as 
a radial coordinate, As the SN expands, deeper 
layers are exposed. The outer layers. visible in 
the first few weeks afier the explosion, are dom- 
inated by IMEs. Because silicon is the most 
abundant IME, we measured its characteristic 
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expansion velocity from the blueshift of the 
absorption core of the strong Sill 6355 A Tine in 
all spectra where it was visible. This velocity 
decreases with time. Fitting the postmaximum 
velocity evolution and extrapolating it to the 
cearlies times, when the outermost parts of the 
cjecta are visible, we derived the outer extension 
‘ofthe bulk of Si. This represents a lower limit of 
the outer extent of burning, The Si velocity (Si) 
is similar in all SNela, regardless of their lumi- 
(Si) = 11,900 © 1300 kms 

‘A few SNe, defined as high-velocity gradient 
(HIVG) SNe (17), are responsible for most of the 
dispersion, They have a rapidly decreasing (Si) 
before maximum and very-high-velocity Call 
lines, possibly the result of high-velocity blobs 
that camry lithe mass and kinctic energy but cause 
high-velocity absorption features (IVs) (2) 
that can abnormally brosden the Sill fine profile 
(U2, 13). Akhough excluding them from the 
sample decreases the dispersion in ¥(Si) signif= 
icantly [(Si) = 11,300 © 680 kms}, we 
include all of these SNe in our discussion. 

‘The maximum Si velocity thus measured is a 
‘conservative estimate. The deep absorption core 
is produced in layers of high Si abundance. Siis 
present at higher velocities, indicated by the 
wavelength of bluest absorption in the earliest 
spectrum of each SN, However, measuring the 
bluest absorption velocity yields a large scatter 
because the earliest spectra have different epochs 
an! may be aflectad by HIVES (/2). Our method 
reliably determines the outer location of the bulk 
of IMEs, 

The inner extent of Si, determined fiom the 
asymptotic velocity of the Sill 6388 A tine in 
Ppostmasimum spectra [fig. 1 in (//)}, isa steep 
function of Ams (B). The brightest (slowest- 
declining) SNe have the thinnest Si zones, 

‘The inner ejecta, dominated! by 
are best observed 1 year after the 
when dition caused by expansion makes the 
SN behave like a nebula, exposing the deepest 
layers. Collisions with the fist particles produced 
by the decay of *Ni— *Co—"*Fe heat the gas, 
‘which cools, emitting radiation mostly in forbid- 
don fines. 

We modeled the nebular spectra using a 
code that computes Tine emission, balancing 
heating and cooling in nonlocal thermodynamic 
equilibrium (NLTE) (/4), inchiding density 
and abundance stratification. We adopted the 
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each SN, solid circles 
‘of Ni, and open triangles indicate 
the sum of these (total NSE mass). 


respective of luminosity: M(sta- 
ble NSE) = 0.20 + 0.05 Mo (lower 
horizontal shaded area). The Ni 
mass. determines the SN lumino- 
sity, It correlates with mss (Bl: 
MC*Ni) = 134 — 0.67Ams (8) 


‘ams (mag) 


(itl, with rms dispersion 0.13 Mt (lower diagonal shaded area). The total NSE mass correlates with Arms 


(8) better than Mi" 


): MINSE) = 1.55 ~ 


1.69.vmxs (B) (Ml. , rms dispersion 0.09 M, (upper diagonal 


shaded area) MES le mostiy outside the iron-group zone. The outer Si velocity s similar forall SNe except 
HVG SNe. The mass enclosed by MES represents the total burned mass, When all SNe are included, the 
average value is ~1.05 + 0.09 Mf, (upper horizontal shaded area). Excluding HVG SNe, the value is 
~1.01 + 0.05 Al, (horizontal line). Both values are independent of Ams (B). Fora version ofthis plot 
with SN names and a bar diagram, see figs. 52 and $3. 


density-velocity. distribution of the standard, 
‘one-dimensional, Mey explosion model W7 (1) 
(fig. SU). tn the nebular phase, the gas is trans: 
‘parent, and fine emissivity depends on the mass 
‘of the emitting jon, Accurately estimating this 
mas requires determining the ionization state of 
the gas. Forbidden fines of Fell and Felll 
dominate SNla nebular spectra, reflecting the 
high abundance of NSE material. Fe is mestly the 
product of “Ni decay, which provides beating. 
The stable, neutron-rich isotopes “Fe and “Ni do 
not contribute to heating but do contribute 10 
cooling, because they abo emit forbidden lines. 
Their presence affects the ionization balance. 
Both are mostly produced deep in the WD, at 
the highest densities. The “Fe nebular fines have 
wavelengths indistinguishable from those of “Fe. 

We determined the mass and distribution in 
velocity of the Fe isotopes (and thus of Ni), 
simultancousty fitting the ratio of the two strongest 
Fe emissions (ig. SI). One, near 4700 A, includes 
both Fell and Felll lines, whereas the other, ncar 
5200 A. is only due to Fell. A low upper limit 0 
the mass of “Ni is set by the absence of strong 
‘emission fines (in particular at 7380 A). 

In the deepest layers (Fig. 1), all SNe con- 
tain ~0.1 10 0.3 Mo of stable NSE isotopes, 
with a large scatter and no dependence on 
Aunys (B) [see also (15)} 


Asexpected, the “*Ni mass correlates inversely 
with Amys (B), ranging from 0.9 Mo for the 
slowest-declining (most luminous) SNe 0 0.1 Me 
forthe fastest-dectining (dimmest) ones. The rot 
scan square (rms) dispersion i 013 Mo, but Sd 
‘with intermediate decline rates [Anns (B)~ 1,08 to 
1.5 magnitudes] show variations of almost a factor 
of 2 forthe same value of Aims (B). These § 
coud cause scatter about the mean luminosity 
decline-rate relation (16). 

nee the contributions of “Ni, “Fe, and “Ni 
are added together to evaluate the total NSE mass, 
the dispersion decreases 10 0.09 Mo, IF SNe with 
different amounts of “*Ni, and thus presumably 
siforent temperatures, but similar NSE content 
have similar As (B). iti likely that abundances: 
(27) rather than temperature (78) primatily.de- 
termine the opacity and light-curve shape. 

The outer velocity of the NSE region, deter- 
rmined fiom the width of the Fe lines, comelates 
with SN luminosity (79). I coincides with the 
inenmost Si velocity, marking the transition from 
complete to incomplete buming: The difference 
betwen these two velocities, Atv) = 650 = 900 
kms is consistent with zero. ‘This results from 
‘wo different methods applied to data obtained 
almost | year apart. 

Thus, whereas the mass of “Ni, and con 
quently the SN luminosity, can difler significantly, 


9 FEBRUARY 2007 VOL315 SCIENCE www.sciencemag.org 


LC wach (ays) 


Fig. 2. Observed and synthetic luminosity— 
decline-rate relations for the SNe in our sam- 
ple, Colors indicate velocity evolution as in Fig. 1. 
The peak luminosity was computed from MCN 
as b= 2 x 10 M(Ni) (28). Observed bolo- 
metric light-curve (LC) widths were obtained 
from observed rise and dectine times (29) as T = 
(aa + tera). When ta is missing, it was 
estimated from the relation between tae and 
‘Aims (8) derived from the other SNe. The dashed 
line i a linear regression between luminosity and 
‘observed LC width for the seven SNe common to 
‘our sample and that of (29), Synthetic bolometric 
LC widths were obtained assuming that: (i) The LC 
width + depends on ejected a5 kinetic 


‘energy Ey, and opacity x as tov wle;tal, (22), 


no 
(i) For all SNe, My = Moy. The W7 (1) density: 
velocity distribution was used. (i) The explosion 
kinetic eneray depends on the burning product: 
Eq = [1.56 MONI) + 1.74 Mistable NSE) + 1.24 
MAME) — 0.46) x 10° erg (17). (iv) Opacity is 
mostly due to line absorption (30). Accordingly, 
NSE elements contribute much more than IMES, 
because their atomic Level structure és more com 
plex. The opacity was therefore parametrized 
according tothe abundances of different species: 
x © AKNSE) + 0.1 MAME) (26). To compare the 
parametrized LC widths «to observed values T, a 
scale factor x = T/x was computed for each of the 
seven SNe common to our sample and that of 
(29), The average factor, x = 24.447, was used to 
scale all SNe. Dots show the individual SNe. The 
‘continuous line isthe linear regression between 
luminosity and synthetic LC width for our sample 
‘of 23 SNela. For a version of this plot with SN 
names, see fig. $4. 


‘other characteristics of SNeta are remarkably 
homogeneous. In particular the narrow dispersion 
‘of the outer Si velocity indicates a similar extent of 
thermonuclear burning in all SNela: SNe that 
produce less “Ni synthesize more IMEs. 

‘The simplest interpretation of these seem- 
ingly antithetical results is that thermonuclear 
buming consumes similar masses in all SNela. 
We explore whether this scenario is consistent 
With the Mey model (0). Applying the density 
Velocity structure of model W7 (1), we trans- 
form (Si) to mass (Fig. 1). We find thatthe outer 
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Table 1. Results and DDT parameters of parametrized three-dimensional delayed detonation 


models. 
Model _EV™™*"(10" erg) MINSE) Mg) _MUIME) Ut) toor (S)__Poor (107 cm”) 
D800 1.008 0.638 0547 0.675 2.40 
20 1237 0.833, 0.435 0.724 192 
05 1524 1141 0.220 0.731 133 


shell of Si encloses a mass of at least ~1.05 = 
0.09 Mo (-1L01 © 005 Mo, excluding HVG 
SNe), independently of Amys (8. This is a lower 
Fimit to the burned mss. 

The light-curve width + is related 1 Ams 
(8) (20) and depends on the ejected mass Maj, 
the kinetic energy Ey, and the opacity t as 


ro xtegindd (22). We tested our assumption 


bby computing parametrized light-curve widths 
‘and comparing them W observed values. The 
resulting luminosity-ecline-rate relation (Fig. 2) 
is very tight and practically identical to the ob- 
served one. This result supports our opacity pxa- 
rametrization, corroborating our hypothesis that 
the mass burned is similar in all SNela. Given its 
weak dependence on E, the light-curve widhh is 
not much affected if more of the outer part of the 
WD is bumed to IME as these do not contribute 
much to the opacity. 

IFSNela bum a similar mass, the progenitor 
‘mass is abso likely to be the same, namely Man. 
Because the outcome of the burning depends 
essentially on fuel density. a variation in iron- 
oup elements production in Mey WDs requires 
ferent WD expansion histones. This in tum 
depends on the details of the burning. Once the 
WD reaches Mey a thermonuclear flame is 
ignited near the center, The Name must start as 
a subsonic deflagration (27), mediated by mi- 
ccrophysical transport and accelerated by tur 
‘bulence. As it propagates outwards, it could 
undergo a deflagration-to-detonation transition 
(DDT) and continye as a shock-driven super 
sonic detonation wave, in a so-called delayed 
detonation (22). This constitutes the most ex- 
‘treme explosion scenario admissible, exploring 
the limits of Moy explosions. 

We modeled the explosion using a three- 
dimensional leveF-set approach (23). The igni- 
tion of the deflagration flame was treated as a 
stochastic process generating a number of igni- 
tion spots placed randomly and isotropically 
within 180 km of the WD center (24), 

What would cause the DDT is unclear. We 
assumed that it occurs as turbulence penetrates 
the intemal flame structure: the onset of the s0- 
called distributed burning regime (25), This 
Ihappens at low fuel densities, after some WD 
_pre-expansion in the deflagration phase. The det- 
‘onation is triggered antiticially where the chosen 
DDT criterion is first satistied, typically near the 
‘outer edges of the deflagration structure (Table 
1 shows DDT parameters). 

‘Thee simulations. with 800, 20, and $ igni- 
tion spots, termed D800, D20, and DS, respec- 


tively, were performed on a moving cellular 
Canesian grid (26) comprising the full sta. 
Model DSO0, with its dense distribution of 
ignition points, exhausts the carbon-oxys 
at the WD center almost complete 


in the 
deflagration phase. The energy release quickly 
‘expands the star, and the subsequent detonation 


mainly transforms low-density outer material to 
IMEs. In contrast, the few ignition spots of 
model DS consume litte material during. the 
deflagration, leaving more fuel at high densities, 
‘hich is converted mostly 10 NSE isotopes in 
the Vigorous detonation phase. Moxtel D20 
provides an intermediate ease, 

The ejecta compositions of the mode expho- 
sions agree grossly with the results derived from 
thespoctra, The NSE mass produced ranges fiom 
0.638 t0 1.141 Mo. The weakest explosions 
result from optimal buming in the deflagration 
phase (26), and subluminous SNela are not 
reached in our parametrization. However, the 
conditions for DDT ced funher investigation 
Eventually these events may be explained within 
a single framework. Some extremely luminous 
‘SNela may come from very rapidly rotating WDs 
‘whose mass exeeeds Mey (27), but these are rr, 

‘The distribution derived from observations of 
‘buming products inside SNela could result from 
the variation of a single initial parameter, the 
flame ignition configuration, in Mey delayed! 
dtonations. The luminosity-decline-rate relation 
can be reproduced using this distribution and a 
simple opacity parametrization. Our results 
support the Mey scenario for most SNela, adding 
confidence to their use as distance indicators. 
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Coding/Decoding and Reversibility 


of Droplet Trains in 


Microfluidic Networks 


‘Michael J. Fuerstman,? Piotr Garstecki,’* George M. Whitesides™* 


Droplets of one liquid suspended in a second, immiscible liquid move through a microfluidic device 
jin which a channel splits into two branches that reconnect downstream. The droplets choose a 
path based on the number of droplets that occupy each branch. The interaction among droplets in 
the channels results in complex sequences of path selection. The linearity of the flow through 
the microchannels, however, ensures that the behavior of the system can be reversed. This 


reversi 


ty makes it possible to encrypt and decrypt signals coded in the intervals between 


droplets. The encoding/decoding device fs a functional microfluidic system that requires droplets to 
navigate a network in a precise manner without the use of valves, switches, or other means of 


‘external control. 


he use of microfluidic devices provides a 
“Tire Bat ic 

and chaotic) and reversible behaviors of 
flows of thus, although no microfluidic system 
has simultaneously demonstrated both of these 
classes of dynamics, At low Reynokls number 
(Re), the behavior of fukds typically can be 
reversed as ithe system were going backwant 
in time-—by reversing the direction of the forees 
applic to the system, Recent work has detailed 
microfluidic systems, which demonstrate non 
Tinear behaviors such as periodic or chaotic 
«dynamics, that are either inherently iereversible 
‘or have not been demonstrated to be reversible 
(3). Here, we describe a microfluidic device 
that displays reversible nonlinear dynamics. In 
this system, droplets of waterhased ink moving 
in hexadecane arrive at a T intersection, where 
they select one of two paths that form a. loop by 
reconnecting downstream, The binary choices 
that the droplets: make cause the resistance to 
flow through each branch to evolve in time in a 
nonlinear fashion: that is, the droplets in each 
branch influence the choice of subsequent drop 
lets between branches by modifying the rates of 
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flow of liquid through the channels. This be- 
havior results in nonlinear dynamics droplets 
select paths with controllable periodicity, and in 
some instances they choose paths in an aperiodic 
fashion —whereas the characteristically linear 
flow of both liquids through the microchannels 
allows the dynamics to be reversible. We believe 
that this system can serve as a platform for 
studying the transition in nonlinear systems from 
reversible to imeversible dynamics, The revers- 
ible, nonlinear dynamics that the device dem- 
onstrates are also useful for “lab-on-a-chip” 
applications—systems that perform physic 
jemical, oF biological functions on millimeter- 
10 centimeter-scale platforms. For example, we 
uusad the device to process a signal representa by 
sequences of droplets—by encoding and. then 
decosing it—using only the pressure-driven flow 
of liquids. 

Flows at the small length scales(10 10 100 tm) 
that are chanicterstic of microfluidic systems 
typically oocur at low Re and thus are dominated 

y: inertia plays only a marginal role 


of the Muid. Classic experiments by Taylor (5) 
demonstrated how low-Re flows can be re 
versed. A drop of dye added to a viscous fluid 
between two cylinders was stretched by rotating 
the inner one and subsequently reconstituted by 
the direction of rotation. Recently, 
Pine et ul. have investigated a similar system in 


‘which colloidal particles in the bulk fluid took 
the place of the dye in Taylor's experinments (6), 
‘They demonstrated that the reversibility of the 
dynamics of the system depended criti 
the number of nonlinear ever 
lisions between particles, that took place during 
rotation, In both of these systems and in ours, 
the motion of the earrier fluid ean be approsi- 
imately described by the reversible Stokes equa 
tion (7). 

Microfluidic systems have recently been used 
to generate multiphase flows where the fluids 
include suspended droplets (8-10) and bubbles 
(1-13) with substantial control over their size, 
‘volume fraction in the camer fluid, and frequen- 
¢y of production (/4, 15). The interfacial stresses 
present in these multiphase systems intro 
‘nonlinearities into the equations of flow, even at 
low values of Re. These nonlinearities are weak, 
however, compared with the linear contribution 
to the dynamics (76), and therefore do not affect 
the reversibility of the movement of bubbles or 
droplets through a microchannel. 

We intentionally introduce an additional, 
strongly nonfinear component into the interac= 
tions that govern the motion of droplets; Fig, 1A 
shows the device we use, The nonlinearity arises 
from the binary choice that the droplets make 
c T intersection. Each droplet that ent 
this intersection chooses the branch of the loop 
through which the hexadecane flows more 
rapidly — equivalently, the path characterized by 
the smaller Mudie resistance (/7), Because the 
system operates at a capillary number (<10) 
that is small enough that the droplets. remain 
intact as they move through the TT intersection 
(28), the process of choosing a path amplifies the 
differences in the rites of flow of hexadecane 
through the branches of the loop into a binary 
valle: a droplet of aqueous solution is either 
present in or absent from a branch. 

When a droplet moves through a branch of 
the loop, it increases the resistance to flow in that 
channel. The droplet consequently decreases the 
rate of flow of hexadlecane through the branch it 
‘occupies and increases (ata constant rate of flow) 
the rate of low through the other branch (19-21), 
Because the next droplet to enter the T inters 
tion abo enters the channel through which the 
hhexadecane flows more rapidly, the choice that 
‘one droplet makes influences the choice of the 
next droplet arriving at the junction, This feed- 


9 FEBRUARY 2007 VOL315 SCIENCE www.sciencemag.org 


back between successive droplets results in a 
stem that exhibits bifueations and 
ctiodic behavior. The nonlinearity in 
the operation of the system derives from two 
sources: (i) the time evolution of the fluidic 


Fig. 1. The microfluidic 
device. (A) A generalized 
schematic diagram of the 
microchannel network. 


resistances of the two ans ofthe loop and (i) the 
nonlinear transformation of the intervals between 
droplets entering the Joop and those between 
droplets leaving it. Remarkably. as a result ofthe 
precise confinement of the source of the non- 


Hexadecane containing 


2 surfactant (3% Span- 
80 by mass) squeezed off 
droplets of aqueous ink 
‘or dye in the T junction. 
The droplets proceeded 
to the loop, where they 
took one ofthe two paths. 
(B) An optical micrograph 
‘of the loop showing one 
‘droplet inthe lover branch 
and one droplet in the 
‘outlet channel. (C) Plots 
showving the intervals be- 
tween droplets as. they 
moved through the In 
and Out windows marked 
in (®. A spike indicates 
the presence of a drop- 


let. The upper plot shows uniform time intervals (Tina and Tin2) between droplets as they reached the 
Loop. The lower plot depicts the two diferent time intervals Tox and Taga) that separated droplets a5 
they emerged from the loop when the system operated in period-2 mode. 


Fig. 2, Periodic and aperiodic 


behavior. (A) Poincaré maps of the 
system shown in Fig. 2 in (period 
3 mode and (id an aperiodic mode. 
The maps plot the n + 2st interval 
(yea) versus the nth interval (Ty); 
the intervals are normalized by the 
‘mean of the intervals in each set of 
data (<I>), The leftshand maps (a 
‘and ©) show one cluster and indicate 
that the intervals between drops 
‘were uniform as they reached the 
loop, The numberof clusters in map 
b reveals the trimodal periodicity of 
the system. Map d shows no discem- 
able clustering and thus denotes 
aperiodic behavior. The numbers 
next to the clusters in plots a to ¢ 
denote the number of data point in 
‘each cluster, whereas the number in 
plot d shows the number of data 
points in the entire plot. (B) A bi- 
furcation diagram for the system. As 
the displacement (the height of the 
ink) increased, the periodicity of the 
system changed. The numbers above 
the chart denote the periodicity 
‘demonstrated for each range of the 
height of the reservoir of ink. Gray 
bars denote areas where the system 
behaved aperiogically. The states of 
the system a5 represented by Poin- 
‘aré maps b and d are marked on 
the bifurcation diagram. 


geese. 


Time between sequential a 


drops exiting loop (sec) 
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linearity to isolated events, this strongly nonlinear 
device demonstrates reversibility. a characteristic 
typical of, but not limited to, linear systems, 

The basic microfluidic system we use com 
prises a droplet generator, a section in which a 
hannel branches into a loop and then reconexts, 
and fluidic resistors (long sections of channel, 
sither folded into a serpentine geometry for 
compactness or wound into a spiral). Figure 1 
sketches the general form of the network, Pres- 
sure applied 10 a reservoir of hexadecane that 
contains 3% by mass Span 80, a nonionic sur- 
factant, and a reservoir of an aqueous solution of 
ink or dye, ereates droplets at constant intery 
of time at a T junction, The droplets then move 
through a fluidic resistor, which damps the 
changes in pressure at the TT junction caused by 
droplets navigating through the loop and ensures 
that the bubbles are produced at a consti 
fiequency. Afler the resistor, the droplets reach 
a loop that has asymmetric branches: in the 
system shown in Fig, 1B, the longer branch is 
1.98 mum Jong and the shorter 1,78 mm. Finally 
the droplets travel through another fluidic resis- 
tor and out of the system, 

We monitored the times at which droplets 
‘enter and exit the loop atthe positions marked in 
Fig. 1B using a high-spoed  change-coupled- 
device camera. The behavior of the system de- 
pends on the intervals of time that separate the 
droplets as they arrive at the entrance 1 the 
loop. For sufficiently large intervals. betwe 
drops (> LOF 3), only one droplet passes 
through the loop at a time. As the intervals be- 
tween droplets decreases to 02.90 5, a droplet ar= 
fives at the junction while the previous one sill 
‘cceupies the shorter branch, The inerease in the 
fluidic resistance of the shorter branch duc to the 
presence of the droplet is sufficient wo divert 
every second droplet into the longer branch, 
Because the rates of flow through each of the 
tranches differ the intervals between droph 
exiting the loops repeat in sequences ¢ 
interval followed by a shorter one (Fig. 1C); we 
refer to this regime as “period-2". For 0.90 > 1 
1.04 5, the system exhibits period 3 and period-t 
behavior, 

‘Asiwe decrease the intervals between droplets 
‘entering the loop, the system displays a series of 
bifurcations to higher-order periodic and aperi« 
oxic behaviors. To characterize the periodicities, 
‘we construct Poincaré maps, which are plots of 
the time interval between the nth and m+ Ist 
droplet versus the time interval between the rth 
and ~ Ist droplet (Fig. 2A), The two plots on 
the left (a and ) comespond to the intervals 
between droplets before they reach the loop for 
‘wo different values of the mean interval between 
droplets (0.679 and 0.591 s for sets j and i). The 
right-hand plot (b) in set i depicts the system 
demonstrating period-3 behavior, the 33 points 
‘on this plot fll into three clusters. The right-hand 
pilot in set i (a) shows the system behaving in an 
aperiodic manner; the 42 intervals measured do 
‘not cluster on the Poincaré map. 
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Figure 2B uses a bifireation diagram to 
summarize the periodicities we observe for the 
‘one-loop system to the extent that our experimen- 
tal setup allows us to probe. We fix the pressure of 
the nitrogen applied to the reservoirs of hexa- 
decane and ink and then raise the vial containing 
the ink in steps of 250 um using a miropositoner. 
Raising this vial increases the pressure applied to 
the nk dueto gravity, increases its rate of low, and 
thus decreases the intervals between droplets 
centering the loop. The resulting periodicities of 
the paths selected by the droplets change as we 
vary the pressure applied to the ink, We observe 
petiods1, -2, -3, 4 and -3 behavior, as well as 
regimes where the droplets select branches 
periodically. The observation of a bifurcation 
cascade is typical of many nonlinear systems. 

‘To determine whether the dynamics of the 
system are reversible, we prepare a system con- 
taining one loop followed by a spiraling outlet 
channel ~9.5 em long (22) in which we store the 
sequence of droplets that exit the loop, We set 
the pressure applied to the hexadecane and the 
aqueous solution of dye so that the dev 
‘operates in period-7 mode for a sufficiently long 
petiod of time that the spiral channel fils with 
droplets in a petiod-7 configuration, We then 
reverse the direction of flow through the system 
by toggling two three-way valves, The valves 
switch the applied pressure from the hexadee 
supply to the outlet of the deviee (23). 

Figure 3A shows a time-space diagram of 
‘droplets traveling forward and backward through 


A eh (mee. 


the system. As the system initially evolves in time 
(before the reversal of the direction of flow, the 
droplets move from left to fightin the channel the 
Joop is positioned in the center of the plot, c= 
‘counting forthe blank space). We plot the position 
‘of each droplet within the channel versus time as 
the system evolves. The bands on the left side of 
the plot are evenly spaced, the uniform spacing 
indicating that the droplets enter the left side of 
the loop separated by constant intervals of time 
{the standard deviation of the intervalsis 12% of 
the mean interval). The bands on the right side of 
the time-space plot show that the droplets exit the 
Fight side of the loop in intervals that repeat in 
groups of seven. The Poincaré map on the right 

set i of Fig. 3B confinns that the system op- 
crates in a period-7 mode while the continuous 
liquid flows forward through the system. When 
Wwe reverse the direction of flow through the 
channels, the droplets enter the right side of the 
Joop in period-7 mode and emerge from the left 
side in a stream of uniform periodicity. The stan- 
dant deviation of the intervals increases, how 
ever, to 75% of the mean time imerval afier we 
reversed the direction of flow. The spiral was 
ange enough 10 hold ~10 periods of seven drop- 
lets each, The system demonstrates reversibility 
‘over five petiod-7 groups of droplets bust fils to 
evens the period-7 behavior to period: behay- 
ior for longer sequences. We believe that the 
failure in the reversibility ofthe system after five 
‘periods and the increase in the standand deviation 
‘ofthe intervals are caused by the droplets moving 


c Left Rig 


TaleT> 


TaleT> 


loser together as they are stored in the inner ring 
of the spiral 

The reversibility of the dynamies of a system 
depends on the insensitivity of those dynamics to 
perturbations, The scatter in the right-hand 
Poincaré map shown in Fig. 3C (i) demon- 
strates that the system is subjected to perturba- 
tions upon reversal of the direction of flow of 
hexadecane. Despite these perturbations, the 
droplets still exit the loop in a period-1 fashion, 
‘The dynamics therefore preserve the coherence 
of the signal 

The device with one loop that we described 
previously demonstrates reversibility upon = 
versal of the direction of flow. We found that 
period-2 sequences, however, are reversible ifthe 
droplets are sent forward through a 38 
identical 10, and downstream of, the f 
(Fig. 4, A and B). This property of reves 
Without requiring a reversal of the direction of 
flow is due to backward forward symmetry. The 
period-2 sequence ABABAB (where A denotes a 
Jonger interval and B a shorter one) looks exactly 
the same whether read in the forward or reverse 
direction, with a B always following an A. 

We use the two-loop device to encode and 
<docode a signal comprising the intervals of time 
between droplets, We use the device in Fig. 4A to 
‘process an analog signal and the deviee in Fig, 
4B to process a digital one, athough both devices 
sare capable of processing either type of signal. To 
encode the analog signal, we modulate the pres- 
sure applied to the reservoir of ink about the 


Fig. 3. Reversing the behavior of the 
system. (A) An optical micrograph of 
droplets moving through the channel 
‘on either side of the loop. We stretched 
the width of the channel relative to its 
length by a factor of nine, using Adobe 
Photoshop, to make the droplets more 
easily visible, The initial positions of 
the droplets in the optical micrograph 
correspond to the points at the top of 
the plot in (B) to which dashed tines are 
drawn. The loop is drawn schematically 
and is not part of the optical micro- 
graph. (B) A plot of the position of 
droplets in the system as a function of 
time. Each horizontal slice of this plot 
represents a snapshot of the system. 
The black areas signify the presence of 
a droplet, and the white parts depict 
the absence of droplets. The droplets 
initially move from left to right; they 


4° enter the loop with uniform separation and exit separated by a repeating sequence of seven intervals. 

3 _Ater the direction of flow of hexadecane through the system is reversed, the droplets move from right to 

-2 left. They enter the loop in period-7 mode and exit with uniform separa 

1 are marked on the right-hand side of the plot. (C) Poincaré maps showing the periodicity of the train of 
droplets (i) before reversal and (ii) after reversal. The maps in (i) plot the nth interval (T,) versus the n + 
st interval (Tp,s), whereas the maps in (i) plot the n + 1st versus the nth. In all maps, the intervals are 
normalized by the mean of the intervals in each set of data (<I>). 


. The seven repeating intervals 
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Fig. 4. Encoding and decoding a signal. (A and B) 
Schematic diagrams of the encoder/decoder devices. 
Droplets arrived at the first loop separated by varying, 
aperiodic time intervals, which form a signal, and emerge 
from the first loop encoded in a period-2 fashion. They 
then traverse the second loop, and the time intervals 
between the droplets return to the original sequence, The 
loops in (A) were positioned such that the shorter branch in 
the first loop was on a different side of the device than the 
shorter branch in the second loop. The loops in (B) were 
positioned so that the shorter branches were on the same 
side of the device. The two configurations result qualita- 
tively in the same behavior. (C and D) Plots showting the 
input and encoded analog signals (C) and the input and 
‘decoded signals (D) obtained using the device in (A). (E 
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and F) Plots showing the input and encoded digital signals 
(€) and input and decoded signals (F) obtained using the device in (B). Each peak above the y-axis value of 0.280 s represents 2, while each valley below 
(0.225 s represents a 0. The digital signal 100101 is equivalent to the decimal number 37. The arrows in (E) show the bits in the input signal that do not appear 
in the encoded signal but reappear in the decoded signal in (F). 


Value conesponding to the midpoint ofthe region 
characterized by period-2 behavior by adjusting 
the height ofthe reservoir of ink between =I mim 
Using the micropositioner. Changing the hi 
‘of the ink in this manner allows for preci 
trol of the pressure applied to the ink. Displacing 
the reservoir upwards by 0.1 mm results in an 
increase in pressure of only 0.002 pounds per 
square inch (psi) The droplets that form while 
We raise and lower the reservoir of ink are 
separated by aperiodic intervals of time that 
range from 0.68 s 10 0.86 s. We revorded the 
lime that passes between consecutive droplets 
moving through the regions marked as “input 
signal," “encoded signal” and “decoded signal” 
in Fig. 4A. The first loop encodes the droplets by 
dramatically changing the sequence of intervals 
‘ween droplets (Fig, 4C). The intervals 
‘of the encoded signal differ from the intervals of 
the input signal by an average of 333% The 
second loop then decodes the signal Fig. 
The intervals of the decoded signal differ from 
those that form the input signal by an average of 
2.38 

‘To encode a digital signal, we use an elee- 
tronically controlled. valve (23) 10 adjust the 
pressure applied to the reservoir of ink. We set 
the baseline for the code by applying 1,075 V 
to the valve (which applies ~3.18 psi of pressure 
to the reservoir of ink) and 3.26 psi of pressure 10 
the reservoir of hexadecane. The droplets then 
reach the first loop separated by 0.263 = 0.005 s. 


To create a value of 1, we decrease the 
applied to the valve 10 1.074 V to decrease the 
pressure applied 10 the ink an! increase the 
intervals between droplets. To express a 0, we 
conversely increase the voltage applied to the 
valve to 1.076 V. Figure 4, E and F, shows the 
input, encoded, and decoded signals for the bi- 
nary number 100101, which comesponds to the 
decimal number 37. Two bits in the input 
signal the first and last 1's—do not appear in 
the encoded signal in Fig. 4E. In these two 
instances, two consecutive droplets (the intervals 
‘between which formed the peak of the signals) 
are separated by sufliciently long periods of time 
‘that both droplets choose the sante path through 
the loop. Unexpectedly, the I's are restored to the 
gnal aller the droplets pass through the second 
loop. although the peaks appear one interval later 
than in the input signal. This experiment demon- 
strates that the system can faithfully decode a 
nhontrivially encoded signal 

Pine et al, recently studied the boundary 
between reversibility and imeversbility in the 
flow of a viscous suspension of colloidal par- 
ticles. They showed that a critical number of 
nonlinear collisions between the particks initiates 
the transition to imeversibility. We used the 
combination of nonlinear events —the selection 
‘of paths by bubbles —and the linear nature of the 
viscous flow of fluids through microchannels to 
obiain complex behavior while preserving the 
reversibility of the system, We used this revers- 


1% 2 2 30 35 0 
Interval number 


ible, nonlinear system to encrypt and decrypt 
information. The reversible dynamics of the 
sencoderidecoder described in Fig. 4 demon- 
siraie that uncontrolled perturbations donot 
prevent the manipulation of data coded in 
trains of droplets. The encoder/decoder is an 
‘example of a microfluidic device that generates, 
complex control of trajectories of droplets ( 
dlinecting drops ito predefined branches of 
microfluidic networks) without using valves or 
switches 
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Microfluidic Bubble Logic 


‘Manu Prakash* and Neil Gershenfeld 


‘We demonstrate universal computation in an all-fluidic two-phase microfluidic system. 
Nonlinearity is introduced into an otherwise linear, reversible, low-Reynolds number flow via 
bubble-to-bubble hydrodynamic interactions. A bubble traveling in a channel represents 

bit, providing us with the capability to simultaneously transport materials and perform logical 
control operations. We demonstrate bubble logic AND/OR/NOT gates, a toggle flip-flop, a ripple 
counter, timing restoration, a ring oscillator, and an electro-bubble modulator. These show the 
nonlinearity, gain, bistability, synchronization, cascadability, feedback, and programmability 


required for scalable universal computation. With increasing complexi 


in large-scale microfluidic 


processors, bubble logic provides an on-chip process control mechanism integrating chemistry 


and computation. 


rofluidie “lab-on-a-chip” devices, 
Mé“= picoliers of Mids can be pre 
cisely manipulated in microscopic chan- 
nels under controlled reaction conditions, have 
revolutionized analytical chemistry and biosci- 
‘ences, Recent advances in elastomeric pneumatic 
microvalves (/) and lange-scale integration (2) 
have enabled complex process control fora wide 
‘variety (3, 4) of applications in singkesphase niiero= 
reactors, However, pnoumutic clastomeric micro~_ 
valves requ exteral maconcople soknotde 
for their operation, and cascadability and feed- 
back (where a signal acts on itself) are currently 
Inching ln microfuie coruolarchcctres 

‘Several reaction chemistries have been im- 
plemented in segmented-flow two-phase micro- 
reactors, where individual nanoliter droplets 
traveling inside microchannels are used as reac~ 
tion containers (5, 6). Dielectrophoretic (7) and 
electrostatic (8) schemes have been proposed for 
‘on-chip droplet management, but these: require 
xr contra of fv! gucs. Device that 
exploit the dynamics of droplets inside micro- 
lance would nc ighstspughoat sreaing 
and combinatorial studies possible (9), but pas- 
sive techniques (0, 11) have not provided con- 
trol over individual droplets. 

We demonstrate bubble logic that imple 
ments universal Boolean logic in physical fluid 
dynamics, This provides a droplet-level, inter- 
fal, inked Gow contol machactan 
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for microfluidic processors. A bubble traveling 
ina microchannel can represent abit of informa 
tion as well as carry a chemical payload, making 
it possible to integrate chemistry with compu 
tation for process control, Bubble logic pre- 
serves the information representation from input 
to output: thus, devices can be cascada, allow 
ing implementation of combinatorial ark! sequen- 
tial Boolean logic. A bubble can be transported 
to a desired location in a complex microfluidic 
network viaa series of logic gates corresponding 
to an equivalent Boolean citeuit, 

Logic gates have been implemented chemi- 
cally in chemical concentration waves ina 
Belousov-Zhabotinsky reaction (/2) and in 
DNA (13). Purely hydrodynamic fluidic logic 
(1-4) was used to build a trajectory controller, an 
allude display, nondestructive memory. and a 
simple computer (/5). Because the high Reyn- 
‘olds numbers required for inertial interactions 
cannot be maintained in the microscopic geom- 
tries needed for higher operating speeds and 
increasing integration, fds with non-Newtonian 
polymer additives have been used to realize a 
‘constant flow source and a bistable gate (/6, 17). 
Boolean logic in a single-phase Newtonian fluid 
\was implemented by changes in flow resistance 
(8), but because its input and output representa- 
tion were not the same, these devices could not 
bbe cascaded. Bubble logic, based on hydro- 
dynamic bubble-to-bubble interactions, is more 
similar in bit representation to theoretical billiard 
ball logic (79) based on the clastic collision of 
particles, and to magnetic bubble memory (20) 
relying on interactions of magnetic domains in 
‘gamet films, These schemes all conserve infor- 


mation, because during a logic operation 3 bit is 
neither erated nor destroyed. 

The pressurediven flow of bubbles in an 
imereonnccted microfluidic network ean be de- 
scribed with a simplified dynamic flow resistance 
model (27), Single-phase flow resistance of a 
channel at low Reynolds number can be ap- 
proximated as ApiQ & yuL/iPw, where Ap/LO is 
defined as the hydraulic resistance per unit 
length, js the dynamic viseosity, and ft and w 
av the height and width of the microchannel, The 
pressure drop duc to a long bubble Nowing in a 
channel, where the bubble radius in_an-un- 
tbounded fluid is greater than the channc! width 
and the continuous phase completely wets the 
chan! surface, is nonlinear and is proportional 
to Ay oint3CaP”), where Cais the capillary 
number (Ca ju’), 1 i te flow velocity of the 
continuous phase, and ois the surface tension 
tetwoun liquid and gas phase (22, 28) For smal 
flow rates, this increased Now resistance is pris 
imaily due wo viscous dissipation in the thin film 
of Fiquid surrounding the bubble, With the pres= 
cence of surfactant molecules on the at-vater ine 
terface, viscous dissipation inthe lubrication film 
further increases asa result of the no-slp bound 
aay conditions atthe interface. In this case, the 
pressure drop across a inte-length bubble is also 
linearly dependent on the bubble fength until it 
reaches a ertical value, beyond which it i cone 
sant (24). When a bubble traveling in a micro- 
channel arrives at abfiureation with low capillary 
‘number (where the bubble does not split because 
surface tension dominates the viscous stess), it 
chooses the branch with highest instantaneous 
flow (25, 26) 

With an increased flow resistance due 10 the 
presence of a bubble in a microchannel, flow 
fines in surrounding interconnected channels can 
bbe pemurbed. The nonlinearity in such a system 
arises from the introduction of interfacial foree 
tems fiom the boundary conditions due to the 
presence of a fre surfuce at the fluid interfaces 
27). These nonlinear time-dependent interac- 
tions are the basis of our bubble logic gates. nthe 
‘implementation deseribed here, we used water as 
the liquid medium [with added surfactant 2% 
(ww) Tween 20 to stabilize the interfaces} and 
nitrogen bubbles. Planar bubble losic devices 
‘were fabricated in poly(dimethy! siloxane) 
(PDMS) by singlelayer soft lithography” and 
plasma boning to Pyrex substrates. 
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Figure 1 (top row: see also movie SI) shows an 
ANDIOR bubble logic gate that evaluates bei 
AND (-)and OR (*)simultancously, ass nocessary 
to satisfy bit conservation. As shown in the enter 
column, the first bubble arriving at the junction 
always enters A+B (the wider channel, with fess 
resistance), increasing the output flow resistance of | 
AB and thus directing a bubble ariving later to 
AB. The time trace plotted for all four channels 
shows that the two bubbles interact only if they 
arrive within a window to (for this gate tp ~ 0S ms 
at flow rate Q = 0.25 ls) determined by the 
residence time of the bubble in the yte yoomtry 


Fan-out forthe output signal from one gate 10 
act as an input signal for mukiple gates can be 
implemented by splitting bubbles at a T junction 
requiring restoration of the bubble size. 
Figure | (botiom row; see also movie S2) dem- 
‘onstrates a universal A’B gate, which implements 
a NOT and AND with gain so that a smaller 
bubble can switch a langer one, There are two 
‘counteracting asymmetries: an input channel 
with an asymmetric T junction (bottom), and a 
narrow stream of injected flow from the control 
channel (top) into the wider of the two bi- 
fureations. By introducing 3 bubble into the 
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control channel, injected side flow can be d 
rnamically tumed on and off, thereby enabling 
control of the direction of flow of the output 
bubble arriving at the bifurcation (bottom row, 
center column), The change in injected flow from 
the control channel (AQ) when a bubble passes 
through is nonlinearly related to the size of the 
bubble, providing gain as plotted in Fig. 1 
(botiom row, right column) against the dimen- 
sionless bubble size (bubble length/channel 
width) 

Segmented-flow reactors ofien operate at 
kilohertz frequencies, where the limiting factor 
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with gain that can be used to switch a larger bubble by a smaller one, For the 
bubbles shown, the ratio ofthe size of the input to the control is 1.2, and the 
‘graph shows the nonlinear dependence of the inlet flow on the control 
bubble size for two ratios of the control to the inlet flow rate. 


Fig. 2. Universal microfluidic bubble logic. The top row shows a two-input 
‘AND-OR gate. The channel height is 70 sum; scale bar, 100 jim. With a water 
flow rate of 0.25 Vs and nitrogen bubbles with a pressure of 0.5 psi, the 
‘gate propagation delay is 2 ms. The bottom row depicts a universal A+B gate 


Fig. 2. bistability. (A to F) 
Togaling ofa flip-flop mem- 
‘ory; with a water flow rate 
of 0.25 ils, the switching 
time i 8 ms. The channel 
height is 70 jum; scale bar, 
100 um. (G) Change in free 
surface energy (31) for the 
toggle (solid line) and 
stored (dashed line) bub- 
bles during switching. (H) 
Fliplops cascaded to form 
a ripple counter. 
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for high-throughput screening is the rate 0 
information extraction from individual droplets 
We present a bistable mechanism (F 
movie $3) capable of on-demand trapping and 
release of individual bubbles, implemented as a 
flip-flop memory, A bubble minimizes its surface 


Fig. 3. Programmable 
bubble generator. A plat- 
inum microheater (width 
50 jum, thickness 200 nm, 
R=95 ohms) followed by 
2m silicon. dioxide 
dielectric barrier is. em 
bedded below a planar 
flow-focusing geometry 
(channel height 70 jum, 
water flow rate 0.83 ls, 
nitrogen pressure 5 psi. 
Seale bar, 100 um. (Ato 
© A 2L¥ de pulse is 
applied to the heater for 
100 ms, resulting in the 
growth of a meniscus 
Arrows indicate direction 
of low. (D) A gas filament 
penetrates the water. (E) 
The filament breaks into a 


Frequency (Hz) 


ry 7 Es ~ 


Q(uVmin) —> 


by adopting a shape with the smallest 
The fip-fop 2A) 
bubble with two elliptical 
of the bubble is at 
a minimum, as shown in the plot of enery 
time (Fig. 2G and fig. STA), The devies 


B c 
100 ms| 115 m 


surface 


presents an incom 
lobes where the surface encr 


holds a 


E 
117 ms 


single drop via flow focusing (26), followed by (F) the interface retracting, 


COCCCCCE 


| 


flow direction 


Fig. 4. Feedback, cascadability, and synchronization. (A) Three AND gates connected as a ring 


oscillator, with constant: 


requency bubble generators at the inputs. A bubble arriving at the input 


delay line releases one at the output delay line, Scale bar, 100 um. (B) Dependence of the 
oscillation frequency on the flow rate Q. (C) A fluidic ladder network for timing restoration. With a 
flow rate of 0.5 l/s, a restoration of ~10 ms is achieved over a span of ~40 ms. Scale bar, 100 wm. 
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single bubble indefinitely until itis toggled by 
‘another bubble aniving at the inlet, dislodging 
the stored bubble by flow through the channel 
connecting the lobes. Althoug in 
bubbles are much longer than the Rayleigh- 
Plateau criteria for breakup (25), the presence of a 
bubble in the flip-flop ensures that the incoming 
bubble travels to a single lobe without breakup 
(dhe bifurcation diagram is plotted in fig, $1B and 
the repeatability in the time trace in fig. SIC), We 
have used this mechanism to implement a bi 
stable flow switch (fig. $2), with a switching time 
an onder of magnitude less than that for com: 


ke macroscopic elements such as solenoid 
valves (/), as well as a cascaded ripple counter 
(Fig. 20), 

To provide an electronic interface to bubble 
logic devices, we developed a thermal elect 
bubble modulator (Fig, 3 and movie S4) capable 
rating bubbles on demand synchronized 
to an electric pulse. Methods for high-frequency 
continuous production of monodisperse micro- 
bubbles and droplets in microfluidic devives have 
been extensively studied (2 i 
tion of on-demand single aqueous droplets (30) 


requires high on-chip electric fields on the order 
of “1 KV. Our thennal electro bubble generator 


uses an integrated microheater and modified 
low-focusing geometry (Fig. 3), 
gration at a much lower voltage (21 V), For the 
case of pressue-driven flow (Fig. 34) there is 
static balance at the air-waterinterfive AP + +, 

Ca"k (29), where AP is the difference in 
pressure, r, is the viscous stress, and A represents 


An applied temper 


the mean curvature. ure 


pube reduces the surfice tension oF at the ai 
water int 1! 8 gas filament to pen 
«trate the liquid (Fig. 3D), which breaks to form a 
single bubble (Fig. 3B), 

A standard test of cascadability and foedback 
in a new logic family is steady-state operation of 
ring oscillator, We implemented this with three 
identical AND gates connected via three delay 
lines in a ring structure (Fig. 4A 3) 
with constant-frequency T-junction bubble gen- 
the inputs. A bubble propagatin 
id the ring delay line (Fig. 4A, amow) in- 


ascs the resistance of the ou channel 


nput of one of the th 


when it arrives att 
AND gates, gener 
aunche 


2 pressure pulse that 
another bubble in response 


The oscil 


lation frequency of this device ean be written 
J WML + tg) where Fis the oscillator fre 
is the length of the delay line, 1 is the 
‘elocity of the bubble traveling in the 
tine n delay of 
the AND gate. This frequency can be tuned by 
inereasing the low rate of the continuous phase 
ig. 4B). 


and ty is the propa 


transit tim 
eh 
planar fluidic resistance Indder network. This 
ometry (Fig. 4C and movie $6) places inter. 


scalability requires restoration of 
© timing errors. We achieved this via a 
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connecting fluid channels (continuous-phase 
flow resistance r) between two data-camrying 
channels (continuous-phase flow resistance R, 
with r > A). A single bubble traversing the ladder 
is slowed down by flow through the altemate 
path, When both bubbles are present sitnulta- 
neously, there isa net flow from the chanel with 
the leading bubble to the one with the lagging 
bubble, ereating a relative velocity gradient until 
the bubbles are synchronized (fig. $3). 

Because bubble logic chips have no moving 
parts, they can be fabricated in a wide variety of 
materials, including silicon and glass, that ane 
compatible with reaction chemistries unsuitable 
PDMS channels. Moreover, because they op 
crate at low Reynolds and capillary numbers, 
further reduction in size is feasible with faster 
switching times, The device mechanisms do not 
depend on non-Newtonian fluid properties: 
hence, matching dimensionless flow parameters 
Will allow bubble logic circuits to be designed 
Using different fluids, such as water droplets in oil 
‘orl droplets in water, 

The universal logic gates, toggle flip-flop, 
ripple counter, synchronizer, ring oscillator, and 
clectto- bubble modulator presented here exhibit 
nonlineai fin, synchronization, 
cascading, id programmability, 
ing shown the required properties of a scalable 
logic family, they ean be used to create complex 
microfluidic circuits capable of performing 
arbitrary Muid process control and computation 
in an integrated fashion, Such circuits may 1e- 


duce the size, cost, and complexity of current 
microfluidic systems, thereby enabling the de- 
velopment of very-large-scale microfluidic reac 
tors for use in areas including combinatorial 
chemistry and dmg discovery. These bubble 
logic processors, where a bit of information can 
also carry a chemical payload, merge chemistry 
With computation. 
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Chemical and Spectroscopic Evidence 
for an FeY-Oxo Complex 


Filipe Tiago de Oliveira,’* Arani Chanda, * Deboshri Banerjee,” Xiaopeng Shan,? Sujit Mondal,* 
Lawrence Que Jr.,’t Emile L. Bominaar,"t Eckard Miinck,"t Terrence J. Collins*t 


Iron(V)-oxo species have been proposed as key reactive intermediates in the catalysis of oxygen- 
activating enzymes and synthetic catalysts. Here, we report the synthesis of [Fe(TAMLMO)I” in 
nearly quantitative yield, where TAML is a macrocyclic tetraamide ligand. Mass spectrometry, 
‘Mossbauer, electron paramagnetic resonance, and x-ray absorption spectroscopies, as well as 
reactivity studies and density functional theory calculations show that this long-lived (hours at 
~60°C) intermediate is a spin S = 1/2 iron(V}-ox0 complex. Iron-TAML systems have proven to be 
efficient catalysts in the decomposition of numerous pollutants by hydrogen peroxide, and the 
species we characterized is a likely reactive intermediate in these reactions. 


igh-valent iron-oxo intermediates. are 
Hytrin cr 

hallenging oxidations in many scenar- 
os (1-3). It has long been known that heme 
based systems, biological as well as synthetic, do 
not attain the iron(V) state. Rather, the so-called 
“Compound I” intermediate involves the 
Fe! (oxo )(porphyrin-radical-cation), Fe™(OXP™), 
Which is well established in peroxidases and 
catalases and presumed with considerable justi- 
fication to be the reactive oxidizing species of 
the eytochrome P450s (J). Recently, Newcomb 
and co-workers reported laser flash photolysis 


experiments of an iron-comole complex (4) and 
«eytochrome P450 mutant CYP 119 (5), in which 
‘optically detected transients were tentatively as 
signed to Fe-oxo species. Que and co-workers, 
(on the basis of "*0 labeling experiments, have 
postulated that an HO-FeY-oxo oxidant is an 

wermediatein the large family of Rieske dioxy- 
genase enzymes (3). Iron(V) complexes. are 
exceedingly rare, but recently, Wieghandt and 
co-workers reported spectroscopic evidence for 
a non-heme § = 12 iron(V}nitrido complex 
produced by photolysis of an azidoiron( Ill) pre- 
cursor (6). 


Tetrnamido macrocyclic ligands (TAMLS) 
cain stabilize a variety of high-valent non com 
plexes, including a high-spin (8 = 2) iron(IV) 
complex, intermediate-spin (8 = 1) iron(lV) 
complexes, oxo-bridged diiwon(IV) dimers, and 
an S™ 1 iron(ILIXTAML-radical-cation) complex 
[all reviewed in (7)). The structurally character 
ized ono-bridged compler, ((FeYB*)x(u-0x0) 
2.(B*,a TAML is shown in Fig. 1) was obtained 
by reacting the monomeric iron(Hll) precursor, 
[Fe™B*(HO)]. 1, with air (8). FeeTAML ac- 
tivation of peroxide has been shown to be use 
in numerous applications (% 10). The dgproton- 
sted TAML (a tetraanion) resents the iron with 
four exceptionally strong amido-N' o-donors, 
Therefore, it has been reasonable to expect (I) 
that this macrocyclic ligand would be capable 
stabilizing an oxo-iron(V) complex when an 
Fe""(TAML) comple is treated with an oxyten- 
atom transfer agent such as peroxide, A variety 
of iron(1V) complexes have been synthesized by 
reacting iron(II) precursors with oxygen donors 
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in organic solvents such thatthe reaction can be 
monitored optically at temperatures as low as 
80°C (/2, 73). A similar approach was applied 
here to Fel" precursors to monitor short-lived in- 
termediates in the reactions of TAML co 
‘We report the synthesis of a d? iron(V axe com- 
plex, in nearly quantitative yield, and its charac 
terization with optical, electron paramagnetic 
resonance (EPR), Missbauer, and x-ray absorp 
tion spectmscopies, as well as elsctrspray ion 
ization mass spectrometry (ESI-MS), reactivity 
ilies, and density functional theory (DET). 
‘The reaction of [PPhy}[Fe™"B*(H0)] (1, Lt 
2 mM) with 2 t0 5 equivalents (equiv) of m- 
chloroperbenzoic acid (mCPBA) at -60°C in n- 
butyronitrie (4) produces within about 10 s the 
iiron(1V) dimer, 2 (Fig. 1, dotted line). The 
reaction then proceeds through an as-yet unehar 
acterized EPR-silent Fe(IV) intermediate (a 
Missbauer spectrum is shown in fig. $3) to yiekd, 
Within 15 min aller the addition of mCPBA, a 
doop sgroen species, 3. Complex 3 (Fig. 1, solid 
line) exhibits distinet absorption maxima at 
445 nim (where the extinction coefficient, r,s 
3400 Mem”! calibrated by reference to 
Massbauer spectra) and 630 nm (© = 4200 
Mla}, AU 60°C, 3 decays by 10% in 90 min, 
but it is stable for at feast one month at 77 K. 
‘Complex 3 was also obtained in acetonitrile a 
40°C, but at this temperature it decays by 10% 
inabout $ min, probably by attacking the solvent 
(UD. Inthe course of our stuxles, we learned that 
can be obiained quantitatively with | equiv of 
‘mCPBA when small amounts of potential Higands 
such as water, pyridine, and benzoic acid: were 
present. The spectral features of 3 were inde- 
pendent ofthe presence of these potential ligands 
ESI-MS examination of n-butyronitrile solu- 
tions of 3 revealed one prominent jon ata mas 
to-charge ratio (tm) of 4422, the mass and 
isotopic distribution pattem of which comespond 
toa formulation of [Fe BO). [sce supporting 
online i (SOM) text and fig. SI]. Only 
‘one other peak was observed, at m/z = S811, and 
it comesponded to a decay product of 3, namely 
[Fe B*(m-chlorobenzoate)[". Introduction of 
11:0 ino the solvent media yiekded up 10 38% 
of [Fe°B*"O)P (ane = 4442) after 30 min of 
incubation: presently, we do not know at what 
sige of the reaction the "0 exchange occurs 
Inthe 28 K EPR spectrum of3 (Fig. 2A, solid 
Fine), prepared at 60°C in the glass-forming 
solvent, r-butyronitrile, the major feature bekngs 
toan $= 1/2.species with g values of about 1.99, 
1.97. and 1.74. [g values are the eigenvalues of 
tensor, which couples the electronic spin, S10 
the applied magnetic field, B (Eq. 1).| The 
dashed line represents a spectral sirmulation, 
drawn to correspond to an S=12 spin con 
centration of 0.92(5) (estimated error from 
tral simulation inthe least significant iit) 
spins per Fe molecule, A minor species, present 
inall samples, with g1 = 2 =2.06and ¢3=2.00 
to 2.02 contributes about 3% of the total spin 
concentration. 


We studied samples of 3 with Masshaver 
spectroscopy between 4.2 and 140 K in applicd 
magnetic fields up to 8.0 T. Three representative 
speci of a sample prepared at “60°C are shown 
in Fig, 2B; additional spectra are displayed in 

2. The majority species contributes nearly 
‘95% of the absorption, and thus we associate it 
With the majority = 1/2 species observed by 
EPR. The Masshauer spectra of 3 were simu- 
Jated with the $= 1/2 spin Hamionian 


He (SB SAT exixBA 


(OV 12312 - 154+ M121) 


In Eq, |, B is the Bohr magneton; S is the 
electron spin operator; g is the g tensor; B isthe 
applicd magnetic field: A is the “"Fe magnetic 
hyperfine tensor: 1 is the nuckear spin operator 
‘ent is the nuclear gyromagnetic rat: J. and 
7, are the Cartesian components of I: and the last 


seam describes the inaction between the nuckear 

quadrupole moment Q and the electric field 

gradient (EFG) tensor [principal camponcnts 

Vous Hoye Vass Eg = (COV ee! 24/1 = 9/3 with, 
ay 


new 


slowly on the time scale of Masshauer spectios- 
copy (about 10°” s), and thus we observed pant- 
rnuignetic hyperfine structure, At 140 K, the spin 
system approaches the fast relaxation limit, and 
the magnetic hyperfine interactions were essen 
tially averaged out. The spectrum i of Fig. 2B 
exhibits a doublet (solid line) with quadrupole 
splitting AEg = 4.25 mms and isomer shift & 
0,46(2) mms (relative to Fe metal at 208 K); 
8 = 0.423) mms at 42 K. This 8 value is con- 
siderably lower than the lowest & observed for any 
Fe-TAML complex, specifically & = -O.18 mm’s 
(0t4.2 K) foran $1 inca V9 complex (table 
Because 3 has a halFintegral electronic spin, we 
assigned this species toa low-spin d? [Fe" B*(O)] 
‘complex, in accord with the mass spectroscopic 
data. The sold lines in Fig. 2B are spectral simu 


Fig. 11. Electronic absorption spectra of 1. (dashed 
line) and of 2 (dotted tne) and 3 (old fine) as they 
formed during a reaction in n-butyronitrile at ~60°C 
by the addition of 3 equiv of mCPBA. The inset 
shows the ironi(ii-aqua complex 1, [Fe"B*(H20)!”, 
where the free-base HB" tevaamide is 3,3,6,69,9- 
hexamethyl-3,4,8,9-tetrahydro-1H-1,4,8,11- 
benzotetraazacyclotridecine-2,5,7,10(6H,11H)- 
tetraone. 


[ations based on Eq. 1 according to the param- 
ters listed in Table 1. The theoretical curves in i 
and iit in Fig. 2B represent 95% of the total Fe in 
the sample, in excellent agreement with the EPR 
data (0.92(5)] spins per Fe molecule, 

‘Structural evidence for the nature of 3 derives 
fiom x-ray absorption spectroscopic studies at 
the Fe K edge. (The Fe K edge corresponds to 
the transition of the iron I s electron to the con- 
tinaum of electron states.) A sample in frozen 
CHyCN solvent, 70% pure in 3, exhibits aK 
edge at 7125.3 eV, an energy value 1.4 eV higher 
than that associated with its iron(II) precursor 
1 and thus consistent with the higher oxidation 
state of 3. The Is — 3d pre-edge transition found 
for the sample of 3 is quite intense, with an area 
of 48 units compared with 17 units for 1 (Fig. 
3A), Taking into account that only 70% of the 
sample is 3 [the remainder being Fe(1V)}. a pre= 
alge area of at east 60 units can be estimated for 


Oo 4 
Velocity (mms) 
Fig. 2. (A) X-band EPR spectrum of about 2 mMt 
“TFe-enriched 3 in n-butyronitrile, Conditions: T= 
28 K; frequency, 9.66 GHz; microwave power, 0.02 
‘mV; modulation, 1 m1. The dashed tine isa spectral 
simulation for the majority species, 3, using the 
following parameters: 9, = 1.985, 9) = 1.966, g, = 
1.735, with g values assumed to have a Gaussian 
distribution with ag, = 0.02, og, = 0.03, and 
0.05, using a packet width of 1 tht. The y axis 
EPR spectrum is expressed in arbitrary units, (B) 
‘Mossbauer spectra of about 2 mM 5?Fe-enriched 
[Fe“8"(O)]", 3, in n-butyronitrile recorded at 140 K 
) and 4.2K Gi and i) in magnetic fields indicated; 
incident - beam perpendicular (i) and parallel (i 
and if) to the applied field. The solid lines are 
spectral simulations based on Eq. 1 using the 
parameters of Table 1; as drawn they represent 
95% of the total absorption. Arrows (in i and ii) 
indicate a decay product (3% of Fe) of 3 with AEg= 
3.4 mm’s and 3 = 0.08 mms. 
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pure 3. This value is distinctly larger than those 
observed for known S= 1 six-coondinate oxo 
iron(LV) species (25 t0 38 units) (12). 

Direet evidence for an iton-oxo unit is ob- 
tained fom an analysis of the extended x-ray 
absomption fine structure (EXAFS) region of the 
X-ray absorption spectrum (Fig. 3B). The best fit 
lined considers three shells: 0.7 O scatterer 
ed on the basis of the Méssbauer analysis 
‘ofthis sample) at $8 A, four N/O sea 
1.87 A,and five C seatterers at 2.82 A (sce SOM 
text for details of the fitting protocol). Whereas 


the scatterers at 1.87 and 2.82 Aare consistent 
with low Z atoms from the macrocyclic ligand 
a found in the EXAFS fits for I. the 1.58 A scat- 
tereris unique for3 and assigned to the oxo atom 
of an Fe-O unit. Thus, 3 can be formulated as 
[Fe“B*(O)] by a combination of evidence fiom 
clectrospray mass spectrometry, EPR, Masshauer 
analysis, and x-ray absorption spectroscopy. 
Consistent with the above formulation, 3 dis- 
plays the signature reactivity eaturs of a strongly 
‘oxidizing iron-oxo complex Thus, reaction of ex- 
ces tripheny phosphine (10 equiv) with preformed 


Table 1. Mossbauer, EPR, and DFT parameters of [FeYB*(0)]”. Numbers in parentheses indicate the 
estimated errors in the least significant digits. Because OFT calculations generally produce contact 
terms that are too smal (isotropi), the A values were obtained by adding the calculated spin- 
dipolar contribution to the experimental Ayo = (A, + A, + A,1/3 and then adding a correction for the 


orbital contribution as described in the SOM text. 


Iu Gy Ie Ae Ay ANIndiCD Ag gimmis) a (mmm) 
Exp 1.99, 1.97,1.74  -49.3(10), -1.5(15), -16.3115)  +4.25(10)0.65(10) -0.4203)" 
OFT - ~43.6, +451 O72 039 


RAD Relive to Fe meal at 28K 


7100 7110 7120-7130 


Energy (eV) 


7140 
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3. (A) X-ray absorption near-edge spectra (Fe K edge) of 3 (solid line) and 4 (dashed line). 


The inset shows the magnified 1s —- 3d transition features. (B) Fourier transforms of the Fe K edge 
EXAFS data (K(k) (dots) and the fit (solid line) for 3 with 0.7 O scatterer at 1.58 A, four N/O 


scatterers at 1.87 A, 


and five C scatterers at 2.82 A. The inset shows Fourier-filtered EXAFS spectra 


(1. () (dots) and the fit (slid tine). Fourier transform range k = 2 to 14.9 A back-transform 
ange: r’ = 0.70 to 3.00 A. The fitting protocol is detailed in SOM text. 


Fig. 4. Geometry-optimized 
structure of 3 a5 obtained 
from DFT calculations (green, 
iron; red, oxygen; blue, ni- 
‘trogen; and gray, carbon). 
For clarity, hydrogen atoms 
are not shown. Electronic 
orbital diagram of the Fe” 
center is shown, as derived 
from DFT. Selected bond 
lengths: Fe-0, 1.60 A; Fe-N, 
1.86 A (two nitrogens along 
x direction) and 1.91 A (two 
nitrogens along y direc- 
tion); the Fe is 0.5 A above 
the plane defined by the 
four amide nitrogens. 
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3 [1 mM in S00:1 volume by volume acetoni- 
trike to water, withthe use of I equiv of mCPBA at 
40°C} quantitatively produced triphenylphos- 
pine oxide (1 mM OPPhs), regenerating 1, When 
this reaction was carried out in the presence of 
H;"0 (0.2% by volume), incorporation of "0 
in the oxidized product was observed by gas 
chromatography-mass spectrometry studies. As 
ckscribed in the SOM text (table $3), oxidation 
‘proceeded readily with other substrates undorsim- 
ilar coniitions, also showing "0 inccrporation 
‘when H1,"0 was present Thioanisole was oxidized 
quantitatively to the comesponding sulfoxide. 
Substoichiomtric reactions with styrene and eyclo- 
ectene produced the corresponding epoxides; 
reaction with ethylbenzene gave a mixture of 
J-phenykthanol and acetophenone. In these eases 
‘where 3 did not revert completely to iron(II}, 
mixture of lower-valent mn complexes. was 
produced, including the diiron(IV) dimer, 2. 
Oxidation of 9,10-ditrydroanthracene proceeded 
quantitatively to anthracene and 2. 

DFT calculations using Gaussian with the 
functional BSLYP and basis set 6-311G clearly 
favor the Jow-spin (S = 1/2) [FeYB*(O)] 
configuration as the ground state of 3. A 
goometry-optimized structure together with an 
‘orbital diagram is shown in Fig, 4. The calculated 
Fe-O bond length of 1.60 A isin excellent 
agrcement with our EXAFS results. This distanee 
is 0.04 10 0.1 A shorter than those reported for 
FeO compleres (7), The contraction of the 
Fe-O bond reflects an inerease in the formal bond 
onder from 2 in FeY=O to 2.5, The Fe atom is 
displaced out of the 4-N plane by 0.8 A. DFT 
calculations showed the lowest © 3 
state 10 be an Fe%-TAML cation radical state 
{Fe¥(B*y"CO)T. at 1900 em! rather than the 
rmetal-hased state obtained by a spin fp tran- 
sition from xy t0 x2 (3). 

One-clectron oxidations of iron-oxo- 
porphyrinates are generally ligand based rather 
than metal based as in 3 (/6). A. major factor 
contributing 10 this diference is the stronger o- 
donor capacity of the deprotonated amide nitro- 
zens of a TAML tetraanion compared with the 
pyroles of the porphyrin dianion, Hence, the 
‘TAML injects more electronic charge into the 3d 
shell than does a porphyrin, thereby raisin 
energy of the redox-active metal orbital and 
protecting the iron(V) against electron transfer 
from the pheny! moiety 

The values calculated for 8, ABQ. 1 atl Aye 
(Fable 1) provide strong support to our iron(V) 
awsignment. The isomeric shift calculated for 
[FeYB%O)]. 8 = -0.39 mms, is in excellent 
agreement with the data and is, substantially 
ower than that calculated for [Fe'Y(B*)"(O)]”, 
& = -0.15 mms (calculated 5 values for Fe- 
TAML complexes agree within 002 100.03 mms 
with the experimental values: see table $5). The 
removal of a 3d electron (reducing the shielding 
of the nuclear change) and the shortening of the 
Fe-O bond distance (enhancing the covalent 4s 
population) cach increase the electron density at 
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the Fe nucleus, thus decreasing 8. In contrast, the 
removal of an electron from the redov-active 
ligand orbital has a minor effget on 8 (e-.. = 
O15 mmis for [Fe™(B*)(O)) compared 
with 8 = -0.12 mm’s for [Fe™(B*O)]? ) (table 
$5). Inspection of the DFT results shows that 
the Fe-O bond of 3 has nearly the same co- 
valeney as the Fe-O bonds in FeY=O complexes 
(12, 17, 18). The calculated unpaired spin density 
‘on the oxo group of 3 is 0.22, which is ks than 
‘expected (0.4) by comparison with FeY=O com- 
plexes (20.8) the difference ean be traced 10 3 
spin polarization ofthe bonding (P,* dy) orbital 
The exchange potential generated by the 
electron places the virtual d% level below the 
dl level. As a consequence, the transfer of elec 
tran density fiom p to d8, is greater than fom p 
to di, resulting in a negative spin density in py, 
\which, combined with the positive spin density for 
Py (044), yields a net spin density of fess than 4, 
The = axis of Eq, 1 parallels the Fe-O bond 
Within $* The unpaired electron in the dy, orbital 
produces at lange negative 1° component of the 
spin-dipolar part of the A tensor, day nbs 
(C244, +87, $15.7) T, and together with the 
isotropic contact term gives the larger 4 value 
along x, Owing to the large enengy gaps between 
the narrowly spaced (uo dye) Ptr andthe other 
3d bevels, spin-orbit coupling acts. primatily 
between de and dy, and procuces (i) an effective 
Value xy * 201 ~ C/A) (x and gy are not af 
fected) and (i) an orbital contribution tthe mag- 


netic hyperfine interaction, At JeSe, Where Ata 
Page 2)= 13 T. Substitution of C= 260 cmv and 
Aper ~ 2000 am gives the observed value 2 = 
174 and As = 13 T U9). 

‘Complex 3 thus appears to have a low-spin d? 
‘configuration in contrast to a recently described 
isoelectronic manganese(IV}oxo complex (20), 
Which is high spin, S~ 32, by EPR criteria. Our 
particular interest in TAML<atalyzed reactions 
pertains to their proven potential in green chem- 
istry. The present work provides an opportunity to 
<lucidate elementary steps in the catalytic eyeles of 
TAML activators by taking advantage ofthe high 
parity of 3, with its various prominent spect 
scopic signatures, asa stoichiometric reagent 
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Small Phytoplankton and Carbon 
Export from the Surface Ocean 


Tammi L. Richardson** and George A. Jackson” 


‘Autotrophic picoplankton dominate primary production over large oceanic regions but are believed 
to contribute relatively litle to carbon export from surface layers. Using analyses of data from 
the equatorial Pacific Ocean and Arabian Sea, we show that the relative direct and indirect 
contribution of picoplankton to export is proportional to their total net primary production, despite 
their small size. We suggest that all primary producers, not just the large cells, can contribute 
to export from the surface layer of the ocean at rates proportional to their production rates. 


on export fom the oceanic surface 
( layer is controlled by biological trans- 

formations that occur within the pelagic 
fool web (J, 2). Autotrophic picoplankton (<2 jim 
in diameter) often dominate primary production 
in these regions but are believed to contribute 
relatively ithe to carbon export from surface lay 
cers because of their small sizes, slow sinking 
rates, and rapid utilization in the microbial loop, 
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Large. rapidly sinking phytoplankton, such as 
diatoms, are believed to control carbon flux 
from upper ocean layers, and their contribu 
tions 10 export are believed to be dispropor- 
Tionately anger than their contributions to total 
primary production (/). Here we ask whether the 
contributions of picoplankton to carbon fluxes 
from the surface ocean are, in fact, dispropar- 
tionately low. 

Using results from inverse and network 
analyses of U.S. Joint Global Ocean Flux Study 
(IGOFS) data from the equatorial Pacific (EqPac) 
and Arabian Sea, we show that the relative 
contributions of various phytoplankton size 
classes to carbon export are proportional to their 
contributions to total net primary production 
¢NPP) (3) (Fig. 1). Potential export pathways 


include direct routes, such as aguregation nd 
incorporation into setting detritus, an! indinoet 
‘export through the consumption of picoplankon 
aggregates by organisms at higher trophic levels 
The network analysis used in these studies (4) 
cotimates the total paniculate organic carbon 
(POC) flux that originated from eae 
source, here the NPP of each phytop! 
lass In the EqPac, for example, pic 
contributed 70% or more of the total NPP mea- 
sured during JGOFS EqPae time series cruises 
and were responsible for 87% of POC export via 
detritus and 76% of carbon exported through the 
mesazooplankton (5). Mesazooplankton con- 
sumed both picoplankton-derived detritus and 
picoplankton-fed micrograzers, Similarly, at a 
nnorthem station in the Arabian Sea during the 
‘Northeast Monsoon, picoplankton NPP was 86% 
of the total and was the source for 97 and 75% of | 
the total carbon exported from the euphotic zone 
via the POC and mesomoplankton pathwa 
respectively (6). The relative contributions of the 
picoplankton 10 carbon export decreased where 
they proxtuced relatively less of the total NPP but 
‘were nonetheless substantial (Fig, | and Table 1), 

We believe that the contributions of pico- 
plankton to carbon Mux. from oceanic surface 
layers have been overlooked because of assump 
tions that are made about cell size, sinking 
dynamics, and the trophic pathways of pico- 
plankton through ecosystems, The seminal paper 


input 
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bby Smuayda (7) documented the tendency of 
larger cells to sink faster. However, there are at 
Jeast three potential mechanisms for increasing 
the effective size of picoplankton and their re- 
moval rates fiom the euphotic zone. First, the 
aggregation of picoplankton cells into larger 
detrital particles (8, 9) enhances their vertical 
i ties and resulting export Muxes 

le mode! of aggregation and cell 


(UO-12), sit 
sinking for phytoplankton of varying diameters 
(3) (Fi. 2) shows that, at peak velocitics, the 
average settling rate for aggregated cells from 
1 to 30 jum in diameter is similar, although ag- 


_sregition does not substantially increase the seting 
rates of the largest cells modeled (100 jm). We 
‘conclude that an individual alga does not need to 
be large to sediment out, even though settling 
rates ane generally faster for single cells that are 
larger. Aggregation may be enhanced if cells are 
hutrient-depleted (/3), and settling may be 
‘enhanced by the incorporation of mineral matter 
4-16), 


The inclusion of small phytoplankton in 
marine snow aggregates is well documented 
(2, 17-19), Aggregates of intact Emiliania 
JInecleyi were first found in sediment traps de- 
ployed for short time periods (24 10 48 hours) in 
‘the North Sea (20). In the northeast Atlantic, water 
samples captured with bottles showed con- 
centrations of Smmechocoecuslike cyanobacteria 
fon agaregates that were 3000 to 12,000 times 
higher in concentration than that seen in free- 
living forms (78), Picoplankton agesezates have 
also been observed in sediment traps equippal 
ith acrylamide gels during short-term (48 hours) 
deployments in high-nutnent, low-chlorophyll 
waters off New Zealand (/9). 13s noteworthy that 
observations of aggregates of small phytoplankton 
in sediment traps have been in traps deployed for 
short time periods, whic will minimize loss of 
material and maximize potential identification of 
‘constituent organisms as compared to longer-term 
dgployments (27). 

Although we did not explicitly include the 
proces of aggregation in our EqPac and Arabian 
‘Sea analyses, we did allow ungrazed picoplankton 
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by larger moplankton. Models of food webs and 
biogeochemical eycling (22-25) generally assume 
that all picoplankton production is cycled through 
the microbial loop and that none sinks from the 
euphotic ame directly. This follows the chssie 
analysis of pelagic community structure and 
nitrogen fluxes by Michaels and Silver (1), who 
assumed that “only large particles, with conse- 
quently high potential sinking rates, can exit the 
ccuphotic zone” and that “large colonies of smaller 
algae” decompose (and are presumably recycled) 
within the euphotic zane, Implicit in these food 
‘web structures is the assumption tht growth and 
saving in picoplankton-dominated open oceans 
‘are in balance over long (annual) time scales (26) 
However, our studies (5, 6) and those of others (27) 
lave shown that microzooplankton grazing does 
‘not always balance picoplankion growth on 
shorter time scales (weeks to months). Food 
web models that force all picoplankton produc- 
tion through the microbial loop and do not allow 
direct picoplankton export may, therefare, be 
‘miskeading, The conclusion of Michaels and Silver 
(/) that “picopankton, the dominant producers 


A fe» Production to flow dimcctly to the detritus pool, in the model, contribute little to the sinking 
t oe & — whereit could settle outas detritus orbe consumed — material” was based on a model (theirs) that was 
8 
A Table 1, Direct and indirect contributions of picoplankton to carbon export from the euphotic zone for 
06 . ‘wo cruises in the EqPac and at three stations (N7, S2, and S11) during three seasons inthe Arabian Sea. 
rs ‘Abbreviations are as follows: TS1, time series 1 (March to April 1992); 152 Early, time series 2 cruise 
{early October 1992); 152 Mid, midway through TS2 (mid-October 1992); TS2 Late, late October 1992; 
aoa Oo « NEM, Northeast Monsoon; SIM, Spring Intermonsoon; and SWM, Southwest Monsoon. 
Carbon export due % Contribution of 
Export pathway to picoplankton picoplankton to total 
(emot of Cm? day®) carbon export flux 
‘EqPac 
Poc 17 87 
‘Mesozooplankton 10.4 % 
Poc 07 37 
‘Mesozooplankton us 60 
Poc 15 43 
‘Mesozooplankton 10 50 
Poc 17 a 
‘Mesozooplaniton, 2 a 
Arabian Sea 
Poc 10 7 
Mesozooplankton as 75 
Poc 38 56 
‘Mesozooplankton 5.0 3 
PoC 43 9 
‘Mesozooplankton m1 8 
Poc 37 2B 
et panes x FA 
‘export tough mesczoopiankton ; 
‘Mesozooplaniton 24 89 
Fig. 1. Proportional contibutions of varying phy sim $12 Poc 28 8 
toplankton groups or size classes (picoplankton, ‘Mesozooplaniton a0 80 
diatoms, pelagophytes, and prymnesiophytes for sway n7 Por 23 1 
the EqPac study and pico-, nano-, and microphy- Mesazoeplaniton v7 68 
toplankton forthe Arabian Sea) to NPP versus thelr way 62 por as = 
proportional contributions to export as detritus (A) or ica BA , 
through consumption of mesozooplankton (B). PrO- yy g4 — a a 
portional contributions were calculated as NPP or pee fs . 
‘export due to the size classfotal NPP or export flix. eas al M 
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Fig. 2. Average sinking velocity 14 
versus time (in days) for phyto- 

plankton cells with diameters of 1, 12 
3,10, 30, and 100 jim. A cell den 
sity was assigned that is consistent 
with the velocity versus cell diameter 
‘graph of Smayda (7) for 3, 10-,30-, 
‘and 100-um cells. Because Lum 
«ell ae outside the range analyzed 
by Smayda, a density diference of 
0.0725 g cm", characteristic of 
Synechococcus lividus, was used 
G), Cells grow exponentially in a 
mixed layer of constant thickness, 2 
and there was no light or nutrient 

limitation, Algal cells collide to form 

aggregates at rates that depend on 

their abundances as well as sizes. 


‘Average velocity (md-") 


Time (4) 


Large cells settle faster than small ones. With time, cell concentrations increase, causing an increase in the 
fraction of material in aggregates. The resulting increase in average particle size leads to an increase in 
average settling speed. Peaks in total cell concentration occur when the enhanced losses due to setting 
balance the gains due to cell division, The maximum average setting rate for particles formed from the 1m 
‘ells isnot substantially different from that for particles formed from the 30-m cells. 


structured in such a way that no other conclu- 
ssion could be reached. 
AA second! pathway for the aceckeraad sinking of 
kton-<dcrived material is doughs mesa 
grving, Picoplankion are usually con 


sidered to be too simul 10 be captured etectively by 
flanger grazers sich as copepods (28), but the 
ellective size though agerezation makes 


them available and thus ean enhance their export 
fiom surfice layers through their incorporation into 
fast-sinking fecal pellets (%). When mesezooplank~ 
ton consume picoplankton-containing aerezates, 
the picoplankton carbon short-circuits the micro- 
bial loopy and results in higher than expected ef 
ficiency of carbon transfer from the euphotic zone 
(U8, 29, 30), For animats such as salps that are 
‘capable of feeding on patictes as small as 1 im, 
aggregation is unnecessary to prxtuce fecal pellets. 
The agreyates described in (/9) were thought 10 
‘originate in sulp or other tunicate fecal material 
The incorporation of picoplinkton-sized particles 
into the rapidly sinking mucous nets and feces of 
filer eed such as saps or pteropoxts provides an 
‘udltional route for picoplankton removal (2, 


‘only larger phytoplankton carbon is exported, 
should be revised to include the alternative 
pathways for picoplankton carbon eyeling dis 
cussed above. This alternative view relies on ag- 
sgregation as a mechanism for both direct sinking 
(the export of picoplankton as POC) and 


mesozooplankton- or large filter feeder-madiated 
sinking of picoplankton-based production, but 
wwe believe that the evidence for both these pro- 
cesses under an amay of environmental con- 
ditions is well established. Despite their small 
size, picoplankton may contribute more to ocean 
icearbwon export than is curently recognized, and 
these contributions should be considered in cur 
rent models of trophic dynamics in the ocean 
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Integration of TGF-B and 
Ras/MAPK Signaling Through 
p53 Phosphorylation 


‘Michelangelo Cordenonsi, Marco Montagner, Maddalena Adorno, Luca Zacchigna, 
Graziano Martello, Anant Mamidi, Sandra Soligo, Sirio Dupont, Stefano Piccolo* 


During development and tissue homeostasis, cells must integrate different signals, We investigated 
how cell behavior is controlled by the combined activity of transforming growth factor—fs 

(TGF-() and receptor tyrosine kinase (RTK) signaling, whose integration mechanism is unknown, 
We find that RTK/Ras/MAPK (mitogen-activated protein kinase) activity induces p53 N-terminal 
phosphorylation, enabling the interaction of p53 with the TGF-j}-activated Smads. This mechanism 
‘confines mesoderm specification in Xenopus embryos and promotes TGF-( cytostasis in human 
ells. These data indicate a mechanism to allow extracellular cues to specify the TGF} gene~ 


‘expression program. 


necessary 10 effect efficient and fine-tunod 

regulatory control over metazoan devel 
‘opment and physiology. TGF-B and receptor 
tyrosine kinase (RTK) ligands are pleiotropic 
Cytokines affecting several aspects of cell behay- 


C= between signaling pathways is 


jor, ranging fiom differentiation and prolifera 
tion to movement and survival (J, 2). Previous 
‘work has shown that these signaling pathways 
are integrated: The RasMAPK cascade, which 
is downstream of RTK signaling, affects TGF- 
B- induced mesoderm development in vertebrate 
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embryos and growth anest in mammalian adult 
cells (J, 3-6). However, the mechanisms under 
Iying this partnership have not been elucidated. 

‘Smad2/3 and the tumor suppressor protein 
'p53 physically interact and jointly regulate the 
transcription of several TGF-B target genes (7). 
p33 is activated by multiple stimuli through 
Postranslational modifications (8). Hence, pS3 
ation might Serve to convey eves from extra 
cellular signals within the TGE-B gene-cxpression 
Program. 

To investigate whether pS3 acts as an in- 
tegration node between Ras/MAPK and TGF-B 
pathways, we carried out loss-of-function studies 
in Xenopus embryos, where pluripotent cells 
Of the animal pole (animal cap) can differen- 
tiate into mesoderm by the combined action of 
these signals. Endogenous pS3 was depleted by 
Iieroinjeeting pS3 antisense morpholino oligo- 
nucleotides: (pS3-MO) (fig. SLA} Control or 
pS3-depleted animal cap ectls were treated with 
‘combinations of fibroblast growth fictor (FGF) 
and. Activin proteins. FGF enhanced Activine 
mediated induction of mesoderm markers (Fig 
1A lanes 3 and 4), but this cooperation was lost 
in pS3-depleted cells (Fig. 1A, lanes 7 and 8). 
Moreover, both p53 and FGF are required for 
the induction of a panel of Activin target genes 
(lig, SUB), These results are consistent with pS3 
being required downstream of FGF to foster 
TGF- pone responses, 

Upon overexpression of p53 in Xenopus 
animal cap cells, p53 cooperates with endowe- 
nous Smads 10 induce mesoderm markers (7) 
(lig. SIC): this pS3 activity is counteracted by 
tivatment of animal eaps with the FGF-receptor 
inhibitory compound SUS402 or expression 
‘of a dominant-negative version of Raf, a erit- 

‘al component of the Ras/MAPK. pathway 
SI, D and E). This suggests that endowe- 
nous RTK signaling promotes the mesoderm 
inducing activities of p$3, Moreover, p$3 and 
FGF cooperate in mesoderm induction, as as- 
sayed by the induction of ectopic tail structures 
in whole embryos (fig. St. F to J). To address 
the biochemical basis of this link, we treated 
human HepG2 cells with combinations of FGF 
and Activin proteins and then purified pS3 
from corresponding nuclear lysates by DNA- 
cation (DNAP), As shown in Fig 
1B, treatment with FGF efficiently promotes the 
association of p$3 and TGF--aetivated Smad? 
the same comple. 

‘To gain insight into this process, we defined 
the structural detemninants of p53 that are reke- 
vant for Smad binding. pS3 binds recombinant 
Smad3 through the p53 N-temniinal domain (fi. 
is jes several Ser/Thr resi- 
dues (Lig. S2B), whose phosphorylation has been 
implicated in p53 activation upon DNA dam- 
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age (8). We found that endogenous FGF sig- 
naling also promotes phosphorylation of these 
residues in Xenopus embryos (fig. S2C). 

‘To address whether N-terminal phospho- 
rylation plays a causative role in guiding pS3 
activity toward the TGF-B pathway, we com- 
pared wik-type and N-mut Xp53, in which the 
N-terminal SerThr residues have been replaced 
by Ala, for their ability 10 rescue TGF gene 
responses in pS3-depleted Xenopus embryos. 
Mutation of the N-terminal phosphorylation sites 
severely impairs pS3 mesoderm-inducing abil- 
ity (Fig. 1C), Similar results were obtained with 
wildtype and N-mut mammalian p53 (fig. 
2D). At the biochemical level, only will-type 
and not N-mut p53 can complex with Smad2 
(Fig. 1D and fig. S2E), indicating that this in- 
teraction, rather than being constitutive, must be 
‘enabled by p$3 N-terminal phosphorylation. This 
appears to be a peculiar requirement, because 
wild-type and N-mut p53 display similar stability, 


= 000 
° 


Mee 2 2 88 
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transactivation capacity, and apoptosis-inducing 
activity (fig. S2, F to H). These results indicate 
that phosphorylation of N-terminal Ser/Thrresi- 
dues is relevant for coupling p53 activity to Smad 
Responses, 

To investigate the relevance of p53 N-terminal 
Phosphorylation for the activation of the TGE- 
eytostatic program in human cells, we estab- 
lished a pS3-complementation assay using the 
‘pS3-null 111299 human lung cancer cell line (9) 
These cells retain an intact TGF-B transdue- 
tion cascade and yet are unable to activate the 
TGE-B cytostatic program (fig, $3), Robust TC 
B-mediaied induction of the eyelin-dependent 
kinase (CDK) inhibitors p21™"" and p1s®* is 
rescued by adding ack wiklaype pS3, whereas 
expression of p$3-N-mut fils 10 do 50 (lg, S3B). 

‘To identify the residues that must be phos- 
phorylated in vive to enable pS3/Smad coope 
ation, we refined our analysis by comparing 
wild-type pS3- with pS3 mutants carrying. Ala 


Fig. 1. FGF potentiates TGF gene responses in a pS3-dependent manner. (A) Reverse tran- 
scription polymerase chain reaction (RT-PCR) analysis for mesodermal markers (VeoT, Snail, Xbra, 
and Mic2) of animal caps explanted from Xenopus embryos injected with control-MO or p53-MO 
(40 ng). Where indicated, explants were treated with FGF (25 ng/ml) and Activin (6 ngim) and 
cultured for 2 hours before harvesting. The samples injected with p53-MO (lanes 5 to 8) were 
subjected to two additional PCR cycles for all the markers analyzed, in order to visualize residual 
mesodermal gene activations triggered by Activin in the absence of p53. ODC (ornithine de- 
carboxylase) serves as a loading control. (B) FGF and Activin cooperate for the formation of a 
‘Smad2/p53 protein complex. Western blot analyses for endogenous p53. and Smad of protein 
‘complexes purified by DNA affinity purification (DNAP) with a wild-type (anti-p53 DNAP, lanes 2 to 
5), or mutant (control DNAP, lane 1) biotinylated p53-consensus probe (7). (C) RT-PCR analyses for 
mesodermal marker genes induced in animal cap explants by wild-type (wt) or N-mut Xp53 mRNAS. 
“Xenopus embryos were injected with p53-MO (40 ng) and different doses (10 pa, 30 pg, and 90 pg) of 
mRNAs encoding for the Xp53 isoforms. (D) Interaction of Xp53 and Smad2 requires p53 N-terminal 
phosphorylation. Extracts from Xenopus embryos injected with combinations of mRNAs (100 pg each) 
{for Flag-tagged Smad2, wild-type or N-mut Xenopus p53, and Activin were precipitated by anti-p53 
DNAP. The panels show Western blots for Smad2 and Xp53. 
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Fig. 2. Requirement of p53 Ser? 
phosphorylation for activation of 
the TGF+S cytostatic program. (A) 
Phosphomutant-p3 isoforms were 
tested for the ability to rescue TGF- 
[responsiveness in H1299 cells in 
‘comparison with wild-type mouse 
53. p53 STSA carries Ala substitu- 
tions in Ser®, The® and Ser, 
p5356,9A, S6A, or S9A carry Ala 
substitutions in Ser® andor Ser®, 
Translection and analysis of H1299 
were as in fig. S3B. Fold inductions 
are the ratio of p21" or p1s™** 
expression in the presence or ab- 
sence of TGF-f stimulation, normal- 
ized on p53 levels. (B) Wild-type, 
but not p53S9A, rescues TOF 
induced growth arrest in 1299 
cells, Cells were transfected with 
the indicated p53 expression con- 
structs as in (A) and assayed for 
BrdU incorporation. Columns rep 
resent the number of BrdU posi- 
tive cells in the absence (cyan) or 
presence (red) of TGFs stimula- 
tion, relative to the number of 


proliferating cells in the unstimulated control. (C) The interaction of p53 and Smad2 requires Ser9 
phosphorylation. Nuclear extracts from H1299 cells transfected either with wild-type mouse p53 or 
p5359A were precipitated by anti-pS3 DNAP. The panels show Western blots for Smad2 and p53. 


Fig, 3. FGF phosphorylates p53 on 
Ser® and Ser through Ckie%s, (A) 
‘Schematic diagram showing the 
tribution of FGF/MAPK signaling in 
the Xenopus embryo at late Dlastula 
stage (10). (B to D) Analysis of the 
phosphorylation status of human p53 
(100 pg) injected in Xenopus embryos. 
p53 was purified by immunoprecipi- 
tation, and. phosphoresidues were de- 
tected by Western blot. (B) p53 mRNA 
was injected in the animal pole or in 
the marginal. zone of Xenopus em 
bryos, p53 phosphorylation on Ser® 
and Ser’ is enriched in the marginal 
zone, where FGF signaling is stronger. 
(© p53 mRNA was injected in the mar 
ginal zone region alone or in. com 
nation with ON-Rof mRNA (1. ng). 
‘When indicated, injected embryos were 
cultivated inthe presence of the FGFRIL 
inhibitor SU5402 (60M). (0) FGF 
‘enhances 53 phosphorylation of Ser? 
‘and, to a minor extent, of Ser*. p53 
mRNA was injected in the animal pole 
region alone, or in combination with 
‘FGF mRNA (OB pa). Consistent resus 
were obtained on endogenous 53 in 


human cells (fig. 5B). (E) CKie induces expression of mesodermal genes in 3 
p53-dependent manner, Xenopus CKZe mRNA was injected at four different 


doses (200 pg, 400 pg, 800 pg, and 


p53-MO (40 ng). Animal cap explants were dissected at late blastula stage as 
in Fig. 1A. Additional markers are shown in fig. S8A. (F and G) Whole-mount 
in situ hybridizations for the pan-mesodermal marker Xbra in control-@O 


A Emoty p53 SSS sks 


Fold induction 


‘Empty p53 WT p53 S8A 
vector 


1L6 ng) together with control-MO or 
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substitutions in (i) Ser'S, Thr!*, and Ser®, (iy 
‘Set? and Ser”, or (iii) individual residues. As 
shown in Fig. 2A, all of these pS3 isoforms 
similarly rescued the expression of mém2, a 
‘TGF-B- independent p33 target, as well as the 
basal levels of p21. Moreover, Ser', Thr'® 
and Ser” were not required for inducibility of 
p27 and pis" by TGFB signaling. In 
contrast, phosphorylation of Ser” and Se? was 
relevant for Smad cooperation, tn line with these 
results, Ser? phosphorylation was required to 
fully empower the mesoderm-inducing. proper- 
ties of pS3 in Xenopus embryos (lig, $4), To 
extend these observations to TGF-B-induced 
evtostasis, we measured incorporation of bro- 
modeoxyuridine (BrdU!) in parental (pS3-null) 
and pS3-reconstituted 111299 cells. As shown in 
Fig, 2B, only wild-type p33, but not pS3S9A, 
souk! rescue TGE-B dependent growth arrest 
Mechanistically, this is due to an impaired bie 
ity of pS3S9A to complex with Smad? (Fig. 
2C), We then investigated whether endogenous 
Ras MAPK signaling is relevant for pS3 phos- 
Phorylation in Ser?/Ser® (P-Ser). 111299 cctls 
carry an activating mutation in N-Ras, lead 
‘constitutive MAPK signaling (9). We found th 
inhibition of MAPK kinase (MEK), an effect 
of Ras upstream of MAPK, causes. specific 
inhibition of P-Ser" and P-Ser” levels, with 
int loss of TGF-- mediated p21™*" 
induction in p$3-reconstituted 11299 cells (fig 


' 1280 calle 
Teg SS pas eae 
fr See) wr 
ra a ee 

ee 


Se sere weteren- 
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a 
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and CK1r-MO-injected embryos. (H) CK1e/6 are required for Ser® and Ser? 
phosphorylation in human cells. The panel shows Wester blot analysis of 
53 phosphorylation in H1299 cells. Wild-type mouse p53 was translected 
in combination with controlsiRNA (small interfering RNA) oF anti-CKLe/S 
SiRNA. CKe depletion was monitored by Western blot. () CK / is required 
for the TGF- cytostatic program through p53 Ser? phosphorylation. 
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SSA). Hence, p53 phosphorylation in Ser” and 
Ser® serves as integration node in the cross-talk 
between Ray MAPK and TGF-B. 

This prompted us to consider the possibil- 
ity that, although p33 is a ubiquitous protein, 
FGF might spatially pattem pS3's activity, In 
Xenopus, expression of different FGFs (¢FGF, 
FGFS, and FGFS) is enriched in the marginal 
zone of the embryo, from which the mesodean 
cemenges, whereas lower FGF activity is present 
in the animal pote (10) (Fig. 3A), Using phos- 
phospecific antibodies, we found that kinase 
activities targeting Ser” and Ser* are localized in 
the marginal zone; in contrast, phosphorylation 
in other residues appears constitutive (Fix. 3B). 
To determine whether endogenous FGF sig- 
naling is responsible for this wraded $3 phos- 
phorylation along the animal-vegetal axis, 
‘embryos were treated with the FGF-reeeptoe in 
hibitor SUS402 or injected with DN-Raf mRNA, 
Blockade of FGF signaling causes. specific 
down-regulation of P-Ser? and P-Ser® (Fig. 3C), 
Conversely, ectopic FGF expression in animal 
cap cells specifically raises P-Ser® and P-Sex? 
levels (Fig. 3D), Similarly, at the biochemical 
level, FGF is required for pS3/Sma2 interaction 
because the formation of this complex is inhi- 
ited by SUS402 (fig. 86). However, introduction 
of phosphomimicking. substitutions 
in ), renders pS3 able 
to complex with Smad? in an FGF-independent 
manner (Hig. S6). Together, the results indicate 
that FGF pattems the phosphorylation status of 
$3 in the embryo, restricting its cooperation 
With TGE-B w the prospective mesoxerm, 

Next, we wished fo gain insight into the ki- 
nase responsible for inducing pS3 phosphoryl 
ation in response to FGF/RasMAPK signaling 
Both Ser® and Ser” conform to a CK consen- 
sus: There are seven mammalian CKI genes, 
but pS3 has been shown to associate specifically 
with CKte and CK15 (1). In Neropus em 
bryos, inhibition of these kinases with dominant- 
13) antagonizes 
FGF-mediated Ser and Ser” phosphoryla- 
tion (fig. $7). Biologically, inereasing levels of 
CK promote mesoderm induction in a p$3- 
dependent manner (Fig. 3E and fig. S8); con- 
versely, lossofCK1e by microinject 
DN-CK le or CK1e momholino inhibits endog- 
‘enous and pS3-medinted mesodermal gene ex 
pression ( F and G, and fig. $9) Thus, 
CK le lies downstream of FGF to promote pS3 
phosphorylation and Smad cooperation in Xena 
‘pus mesoderm development. 

Wenext investigated the relevance of CK 1e8- 
phosphorylation on the activa- 
#F- cytostatic program in human 
‘To this end, pS3-reconstituted 11299 
cells were transfected with siRNAs to deplete 
endogenous CK le and CK18, CK 108 knock- 
down leads to down-regulation of P-Ser* and 
Ser” levels (Fig. 31) and to loss of TGE-B. 
mediated p21™*" induction (Fig. 31, compare 
Janes 3 and 4 with lanes 7nd 8). By contrast, a 


Phosphomimicking substitution of Ser” with 
Glu (p53S9E) renders p53 able to sustain TGF- 
B-mediated p21™*" induction even in the ab 
sence of CK 10/6 (Fig. 31, compare lane 4 with 
Jane 8 and lane 6 with lane 10). Hence, pS3S9E 
acts epistatically to CK1e%8. This indicates the 
key role of p53 N-terminal phosphorylation as 
mediator of the positive effect of CK1e/8 in 
supporting TGF-B cytostatic responses, 

We have established a roe for p53 as signal- 
ing imegrator, outside of its widely investi 
gated response to genotoxic stress (8). We provide 
evidence that p$3 activity, rather than stability, 
mt be qualitatively pattemed by RTK/Ras- 
induced phosphorylation through CK Le. This 
‘phosphorylation step enables robust biochemical 
interaction of pS3 with TGF-p-activated Smads, 
leading to mesodiemn induction in embryos and, 
in human cells, to the deployment of the TGF 
eytostatic program. 

These data establish a mechanistic fink be- 
tween three key regulators of cell profiferation 
that are dysregulated in human cancers: Ras, 
p83, an TGF-f. This could provide an expls- 
nation for the pS3-dependent tumor-suppressive 
function of Ras MAPK reported in primary cells 
(U4, 15), Activated Ras may well have general 
growth-promoting effects but, inthe presence of 
wikl-type pS3, this woul be balanced by the 
positive role played on pS3:Smad cooperation 
that woul! sustain TGF-B growth control and 
thus fimit neoplastic transformation, 


REPORTS. [ 


References and Notes 

{LL atsang, |: Wrana, Science 296, 1646 (2002), 

2 I. Schlessinger, Cell 103, 212 (2000), 

3. C LaBonne, M. Whitman, Development 120, 463 (994). 

44 RA Comal D. Kelman, Development 120, 453 (1994). 

5. PP. Hu et ol, J Bl. Chem. 274, 35383 (1999), 

& RT. Boticher, C iehs, Endocr. Rex. 26, 63 (2005) 

7. M.Cordenons tot, Cell 123, 301 (2003), 

|B AM. Bode, Z. Dong, Not. Rex, Cancer 4, 793 (2008), 

9, TMitsadmi et el, Oncogene 7, 171 (1992). 

10. C Laonne, 8 Burke, ML Whitman, Development 123, 
1475 (1995) 

U. Knipp et of, Oncogene 15, 1727 (1997). 

12. X Zeng ef a, Noture 438, 873 (2005). 

13, G. Davidson eta, Notre 438, 867 (2005) 

14. S.W. Lowe, E Cepero,G. Evan, Noture 432,307 (2004). 

15. € Roper, W. Weinberg, F. ML Watt, H, Land, EMBO Rep, 
2145 Goo). 

16, We hank G. Besan and D. Volpi for dcson. We aso 
‘thank G. Del Sal, M. Mechal,D. Lan, C. Wie, J. Graf, 
Monon, and . Vousden for gts of plasmic 
anivodies, 6. Blandina fr the git of p53-ecnstiuted 
‘esa. Wessel for comments.This work is supported 
by grants SP. rom Asscaione Kalina perl Rea 
Sal Cann TELETHON aly GGPOLO3O, MIUR Cin, FRE, 
‘Agencia Spa fatona, Iu Superiore i Sanita, and 
‘Ssisbidge, AM. (sept of 3 European Union Mare 
Gute Reseach Taning Newark felowhip (Epplst 
Carcinoma). NLC was uppeted by 2 FRC felowi. 


‘Supporting Online Materiat 
ve ciencemag ogiiontentfll113596V0C1 
Materials and Methods 

Figs 51 1059 

Aetrences 


‘5 October 2006; accepted 22 December 2006 
Fublihed ontine 18 january 207; 
10:1126/cience, 1135961 

Ince this information when cing this paper. 


Structure of the Prefusion Form 
of the Vesicular Stomatitis Virus 


Glycoprotein G 


‘Stéphane Roche, Félix A. Rey,* Yves Gaudin, Stéphane Bressanelli 


Glycoprotein G of the vesicular stomatitis virus triggers membrane fusion via a low pH-induced 
structural rearrangement. Despite the equilibrium between the pre- and postfusion states, the 
structure of the prefusion form, determined to 3.0 angstrom resolution, shows that the fusogenic 
transition entails an extensive structural reorganization of G. Comparison with the structure of the 
ostfusion form suggests a pathway for the conformational change. In the prefusion form, G has 
the shape of a tripod with the fusion loops exposed, which point toward the viral membrane, 
and with the antigenic sites located at the distal end of the molecule. A large number of G 
‘alycoproteins, perhaps organized as in the crystals, act cooperatively to induce membrane merging. 


1¢ Rhabxloviridae are enveloped bullet- 
shaped viruses that ane widespread among 
great variety of organisms, including 
plants, insects, fishes, mammals, reptiles, and 
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crustaceans (/). This family includes vesicular 
Stomatitis virus (VSV) as well as notable hu- 
‘man pathogens, such as rabies vinus (RV) and 
Chandipara virus (2). 

‘The thabdoviruses enter the cell via the 
endocytic pathway and subsequently fase with a 
cellular membrane within the acidic environ- 
‘ment of the endosome (3). Both receptor recog 
nition and membrane fusion are mediated by a 
single transmembrane (TM) viral glycoprotein 
GG) that is trimeric and forms the spikes that 
protrude from the viral surface. The lange ecto- 
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domain of G (446 out of 495 amino acids for 


the VSV Indiana strain) is also the target of 


neutralizing antibodies, and the antigenic sites 
‘of G in both VSV and RV have been described 
in detail (4-6). 

‘Similar to other viral fusion proteins, G un- 
dergoes a fusogenic structural transition during 
cell entry (7, 8), As for influenza virus hemag- 
iglutinin (HA), flavivirus E protein, and Semliki 
Forest virus El protcin, the conformational 
change is triggered at low pll (9). G can adopt 
at least three conformational states (7, 8, 10-14): 
the native prefision state detected at the viral 
surface above pH 7; the activated hydrophobic 
state, which interacts with the membrane as a 
first step of the fusion process (77); and the 
fiasion-inactive postfusion conformation that 
mtigenically distinct from both the native 
and activated states. There is a pH-dependent 
‘equilibrium between the different states of G 
that is shifled toward the postfision confor- 
imation at low pH (15). Thus, unlike fusowenic 
proteins from other viral families, the native pre= 
fusion conformation is: not metastable (9). In- 
deed, the reversibility of the low pH-induced 
‘conformational change is essential to allow G to 
be transported through the acidic compartments 
‘of the Golgi apparatus and {0 recover its mal 
functional state atthe viral surface (76) 

We have recently determined the low-ptt 
postfision three-dimensional structure of the 
VSV G ectodomain (residues 1 to 422), gener 
ated by limited proteolysis of the virions with 
thenmolysin (Gq) U7) In spite of having an 
unrecognized fod distinet from those of other 
fusion proteins previously described, the poste 


Fig. 1. Overall Gy» A Prefusion 


structure in pre- and 
postfusion conforma- 
tions. (A) View of the 
G protomers superim- 
posed on their fusion 
domains (OW) and col- 
cored by domain (as de- 
fined in Table 1) with 
the fusion loops in 
green, The two gly 

ated asparagines INS 
(labeled “1") and N°? 
(labeled “2")) are dis- 
played as dark green 
spheres. (B) View of the 
G trimers, colored by 
domains as in (A). The 
trimers were superim- 
posed on the rigid blocks. 
made of DI and the 
invariant part of Dit 
(RIAL, defined in Table 
1 and highlighted in the 
boxed inset for one pro- 


fasion conformation of G displays the classic 
haitpin conformation of other viral fusozenic 
proteins fic. an elongated structure with the 
fasion domain and the TM domain at the same 
tend of the molecule (74). As in class I fusion 
proteins (/9-2/), the postfusion trimer displays 
a sit-helix bundle with the fusion domains at 
the N terminus of the central helices and the TM 
domains at the C terminus of the antiparallel 
‘outer hetices. Each fasion domain bears two fie 
sion loops located at the tip of an clongstal [5 
sheet, which isa marked convergence with class I 
fasion proteins (22-24). Unexpectatly, G tamed 
‘out to be homologous to glyeoprotcin 2B of 
hempesvinuses, the atomic structure of which was 
published atthe 
pH-induced conformational chan 
Viral G is reversible, it remained unclear to what 
extent the pre- anx! postfusion conformations 
Aiftered for this class of fusion proteins, 

Among the different crystal forms obtained 
With Gay (17) (S6e also the materials and meth- 
‘ods in the supporting online material), ene of 


them, which was grown at pH 8.7, appeared to 
be particularly notable, because the asymmetric 
‘unit could not accommexdste the postfision form 
(125 A in length) but was consistent with the 
presence of one protomer of the prefusion form 
ISS nm in length as measured for the RV G 
ectodomain by electron microscopy (EM) (26)} 
This crystal structure of Gg, was detemniined to 
3.0.A resolution by molecular replacement with 
the use of domains 1, Il, and IV (Table 1) of the 
Jow-pll form as search models. Data collection 
and refinement statistics are given in table St 
The structure of Gi is depicted in Fig. 1. Its 
length (88 A), the location of the antigenic sites, 
and the comparison with the low-pHT structure 
indicate that this Gq structure comesponds to the 
prelusion conformation of the molecule. The chain 
can be traced up 10 residue 413 (see the eletron 
density for the final model in fig. SI), Clear 
density is also present for the first residues of 
both oligosaccharide chains (on N'® and N?™) 
27), which were disontered in the structure of 
the low-plt form. 


Table 1. Domain nomenclature used in the text. Root mean square deviation (RMSD) is between 
the pre- and postfusion structures. The number of alpha carbons (Cu) used in superposing the 


domains is indicated in parentheses. 


Domain Domain name Color Residues RMsD 
oF Lateral domain Red 1 to 17 and 310 to 382 0.42 A (80 cad 
Dil —_Trimerization domain Blue 18 to 35, 259 to 309, and 383 to 405 : 

om PH domain Orange 36 to 46 and 181 to 258 0.40 A (82 Ca) 
ow Fusion domain Yellow 53 to 172 0.77 (94 Cad 
Cter Cterminal part — Magenta 406 to 413, : 

ROL Rigid block : 1 to 25 and 273 to 382 0,56 A (122 Ca) 


‘tomer of each conformation). Helix E is indicated on both trimers. (C) Domain segment is in gray, with a checkerboard pattern for the TM domain. The 


architecture of VSV G plotted on a linear diagram, color-coded according 
to Table 1 with domain boundaries numbered. The unobserved C-terminal 


regions that refold in the transition are hatched. All structural figures were 
‘generated with PyMOL (38). 
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‘The overall architecture of Gg in its prefision 
state resembles a tripod (Fig. 1B). Each leg is 
composed of a fusion domain with the fusion 
Joops pointing toward the viral membrane. The 
last residues. that we can see (including the 
conserved 11” and P*%) pack against the side 
of the fusion domain. This organization, which 
is reminiscent of the low-resolution structure of 
retroviruses’ envelope spikes that was recently 
detennined by EM (28, 29), suggests that the 
"TM segments are separate in the membrane 
Nevertheless, we cannot exelude the possibility 
that the missing C-temninal segments of the ec 
todomain (residues 414 to 446) that lead to the 
TM segments come together toward the three- 
fold axis. 

In the tripod arrangement, the fision do- 
inuins are set wide apart, keeping the fusion 
oops separate (Fig. 1B, left), In contrast to class 
J and class IT fusion proteins, the fusion loops 
‘of G are not buried at an oligomeric interfce 
in the prefusion conformation. The hydropho- 
bie residues Y", AN7, W72, and Y7? are ex- 
posed (Fig. 1, A and B), even though they 
cluster ncar crystal contacts (Fig. $3D), The 
tips of the fusion domains are the most flexible 
part of the structure (fig. S4) and thus are the 


The conformational change involves a dra- 
matic reorganization of the G molecule. Figure 
2 shows a comparison of the secondary struc 
ture elements of the two conformations with their 
nomenclature. The pre- and postfusion states are 
related by flipping both the fusion domain and a 
terminal segment (composed of residues 383 
to 413) relative to a rigid block (RbL-I) made 
bby the lateral domain and residues of the tri- 
merization domain that include helix. F2 of the 
prefusion form (Table 1 and Fig. 1B, inset) 
During the structural transition, both the fusion 
loops and the TM domain move ~160 A from 
‘one end of the molecule to the other. Thus, the 
observed conformational change, although re- 
venible, appears to be similar to that of part- 
myxovinis F glyeoprotcin (30). It also suggests 


tht simibir intermediates are formed during. the 


fusion-associated refolding of G, HA, and par 
myxovirus F glycoprotein (/9, 30). In ane of 
these intermediates (Fig. 2C and movie $1), the 
fusion domain is projected atthe top of the spike, 
allowing the initial imersction with the target 
membrane. 

In spite of large rearrangements in their rela- 
tive orientation (Fig. 2, A and B), domains 1, Il, 
and IV retain their folded structure (Table 1 and 


least well defined in the electron density maps, Figs. 1A and 2), In this and the following 
Fig. 2. Structural changes in the A DIII-DIV hinge B 
protomer between the pre- and 

postfusion conformations and re = Prefusion Postfusion 


ative movements of domains. In 
(A) and (B), fragments of the pre~ 
and postfusion conformations are 
displayed to the left and right, re- 
spectively. Secondary structure 
elements of the prefusion form 
that refold are named and num- 
bered according to fig. $2. (A 
Relative movement of PH (Oil, 
‘orange) and fusion (DIV, yellow) 
domains, The protomers are super 
‘imposed on Dil Hinge residues 47 
to 52 (prefusion helix A°) and 173 
to. 180 (posttusion helix © are 
«colored in cyan and gray-blue, re 
spectively. (B) Domain It refolding. 
DI and Dill are omitted in the top 
panels for clarity but are shown in 
the bottom panels to provide the 
relative orientations in the two 
forms. The protomers are super- 
imposed on the invariant part of 
DIL, which is indicated in dark 
blue, whereas the three segments 
that refold andlor relocate are 
indicated in shades of green. In 
the prefusion form, stands a* and 
y* form an interchain [5 sheet. The 
DIILDIV hinge (bottom panels) i 


c 


‘during the conformational change. The one-sided 


relative movements of domains. The N- to C-terminal orientations of helices F2 


wi 


displayed and colored asin (A), with the two segments connected by a yellow 
br to mark the location of the fusion domain. (C) Cartoon representation of 
the relative organization of domains with respect to the viral membrane 


Te This o 
i 


J 


black arrows indicate the 
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graphs, we describe the confomnational change of 
4 protomer by considering Rbl-ll as invariant 
(Fig. 1B, inset), The Hlippings of both the fusion 
domain and the TM segment relative to RbLI 
‘occur through a concerted rearangement of dis- 
tinct regions of the molecule, Alhough we have 
only snapshots of the initial and final states, 
analysis of the two structures (see the deserip- 
tion of movie SI in the supporting online ma- 
terial) suggests a plausible sequence of events 
Ieading fom pre to postusion conformations, 

The fasion domain is projected toward the 
target membrane through the combination of 
two movements (Fig. 2C) a 94° rotation around 
the hinge between the fusion and pleckstrin ho- 
mology (PH) domains (Fig, 2A) and the reposi- 
tioning of the latter domain at the top of the 
twimerization domain (Fig, 2B), The rotation 
involves the reorganization of two segments 
(residues 47 to 52 and 173 1 180) of the poly 
peptide chain, In the former segment, helix A° 
‘unfolds whereas, in the later segment, helix C 
forms (Fig. 2A). Mutations M4 —» V o 1 in 
RV G. which kinetically stabilize the native con- 
mation (3/), map to this region, Their location 
saiggests that they impede the slight distortion of 
strands by and j of the PH domain that accom- 
panics the movement 


Dil refolding 
Prefusion Postfusion 
ay 
F 


3 


(blue; lef, F (blue; middle and right), and H (dark blue; right) are indicated 
with white arrons. Pre- (left) and postfusion (right) conformations are shown. 
The trimer axes are indicated. The middle cartoon shows how the fusion loops 
(in green) would be projected after the refolding of both the Dill-DIV hinge and 
‘the DIL-DIll connection and before the C-terminal refolding of helix H. 


wwwesciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007 


RTS [ 


845 


| REPORTS 


‘The trimerization domain undergoes a major 
refokling event during the transition between the 
‘pre-and postfusion structures (Fig. 2B). This 
refolding drives the repositioning of the PH do- 
main and the flipping of the C-terminal part and 
involves all three segments of the trimerization 
domain (Fig. 1C). 

As a frst step, central ix F2 (residues 276 
to 204) is lengthened by the recruitment of a 
segment (made up of residues 263 to 275) to 


form the long helix F. The second segment that 


refolds is composed of residues 26 to 35, which, 
in the prefusion conformation, is buried in a 
{gr00v€ Of RDFII that is closed by residues 263 to 
275. A sharp bend is introduced right after the 
conserved motif CMP The peptide bond be- 
tween PS and S* flips, which redirects the poly= 
peptide chain at an 80° angle, and short helix A 
{residues 24 t0 29) is formed. The conformation 
‘of short strand a! (resides 22 to 24), involved in 
the interchain B-sheet aly! in the prefusion 
conformation, is unchanged, although it is not 
pated to strand y" ofthe adjacent protomer in the 
postfusion conformation (Fig, 2B), 

‘The small sheet q'y? of the native form is 
then broken, although the individual strands q? 
and y? retain their B conformation in the post 
fusion form, and residues 384 to 400 (including 
helices HI and H2 and strand y') refold into 
helix HL This helix then postions itself in the 
zroowves of the central core in an antiparallel man 
nner to form the six-helix bundle, This move- 
ment repositions the TM domains at the same 
tend of the molecule as the fusion domains 
(Figs. 1B and 2B). Finally, residues 259 t0 261 
‘and 403 to 405, which are distant by ~30 A in 
the prefusion conformation, form sheet q that 
‘zips together helices F and Hin the postfasion 
state (Fig. 2B), Strands q and 2 are already in an 
extended B structure in the native conformation, 
primed to form sheet qz in the postfusion form 

‘The buried interface between two subunit 
the trimer is 1600 A? per protomie. as calculated 
by the Protein Interfices, Surfaces, and Assem- 
bles server (32), This value is less than half of 
that of the buried interface in the Low-pHH form. 
This explains the increased stability of the 
oligomeric structure of G at low pl (8). The 
interactions between protomers are all located 
in domain 5) but are different from 
those observed in the postfision form (Fig. 3, 
‘and B). Not only is prefusion helix F2 shorter 
than postfision helix F, itis also tilted and its 
(Cterminal end is kept away from the trimer 
ais (Fig. 3A), This results from repulsive 
forees between the carboxylates of the three 
E™* amino acids (Fig. 3C). In contrast to the 
postiusion form, the main contribution to 
trimer stability is not due to the central helix 
bundle but appears to come from interchai 
heet a'y' [which must break during the 
fusogenic transition, before the formation of 
helix H (Fig. 2B)] and its environment, 
burying 1250 A? per protomer (Fig. 3D). The 
conformational change occurs at the viral 


surface even in absence of the target mem- 
brane. This seems to be topologically im- 
possible without transient dissociation of the 
trimer. This hypothesis is in agreement with 
the large differences in the trimeric interfaces 
between the native and the postfusion con- 


lize fesheet qe of the trimerization domain 
(Fig. 4B). In the prefusion conformation, the 
ge sheet docs not exist: D!7 and Y" remain 
associated with the segment corresponding to 
the q strand and contribute 10 a network of 
hydrogen bonds that also involves conserved 


formations of G. 

‘A number of the few conserved residues 
(fig. $2) are involved in key networks of ine 
teractions that are different in the two forms 
(Fig. 4). This set of residues includes amino 
acids D®”, Y", 11, and P** that cluster 1o- 
gether in the postfision conformation to stabi- 


W* of the PH domain (Fig, 44, top), This 
network is disorganized during the rotation of 
the fusion domain relative to the PH domain 
(Fig. 2A). Conserved histidines 1 involved 
in a salt bridge with D™7 in the low-pH structure 
(Fig. 4B), 11" {previously shown t0 be in- 
volved in the interactions between fusion do- 


A Prefusion DIZ tri B Postfusion DII trimer 


Prefusion DII trimer 


Prefusion DII trimer 


Fig. 3. The trimeric interface of the prefusion conformation [(A), (C), and (D)] as compared to that of 
the postfusion conformation (B). For clarity, only Dit [the only domain involved in the interface in the 
prefusion conformation (fig. $5)] is represented, and the three protomers are colored in three shades of 
blue. Secondary structure elements that refold and/or relocate are labeled. (A) Top view (orientation as. 
in fig. $5, looking down toward the viral membrane) of the trimeric interface of the prefusion 
conformation. The arrow indicates the viewpoint used in (D). (B) Trimeric interface of the postfusion 
conformation, superimposed on the invariant parts of Dit in (A) The view therefore would now be from 
the membrane. (C) Zoom of image in (A showing only the three helices F2 and the side chains involved 
in their interactions, which are colored by atom type (oxygen, red; nitrogen, blue; sulur, yellow; carbon: 
green, magenta, or dark blue, depending on the protomer) and labeled. As in the postlusion state, Vi 
and L”” contribute to hydrophobic stabilizing interactions at the center of the molecule, but L?® now 
makes a lateral interaction with [?7", The three E7* amino acids in the center are 4 A apart in native 
crystals. In theYbCly-derivative crystal used for refinement of the model (table Si), they chelate an 
ytterbium ion (not shown), bringing their side-chain oxygen atoms within 3.5 A. (D) Close-up view of 
the outer region of the prefusion trimeric interface seen from the side. Contact residues are colored as 
in (Q, with main-chain atoms included only when they participate in the contacts. Besides the 
‘canonical hydrogen bonds of the {i sheet, the interface is stabilized through extended van der Waals 
contacts and 2 hydrogen bond between the imidazole ring and the carboxyl group of T™ of the 
neighboring protomer. Finally, carboxyl groups of L°®* and 1°” make two hydrogen bonds with the 
‘guaniium group of R°”” of the other chain. These three hydrogen bonds are displayed as magenta 
dashed lines. 
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mains in the low-pHH conformation (17), and 
H1®—cluster together (HU is absent in RV G, 
but I", which comesponds to S™* in VSV G 
replaces it) (Fig. 4A, bottom). Protonation of 
these residues at low pH is likely to destabilize 
the interaction between the C-terminal segment 
of Gq, and the fusion domain in the prefusion 


Fig. 4. Alternative net- 
works of conserved res- 
idues in the pre- (A) 
‘and postfusion (B) con- 
formations. The orien- 
tation is as that in Fig. 
2A. Conserved residues 
are displayed in stick rep- 
resentation (main-chain 
atoms are not shown un- 
less they participate in 
interdomain contacts. 
Hydrogen. bonds are 
displayed as-magenta 
dashed tines. [(A) and 
(8), top] Close-up views 
‘of the DIIFDIV connec- 
tion are shown, The pre- 
fusion hydrogen bonds 
of Y¥" to the main 
cchain of W2* are relo- 
‘ated t0 the postiusion 
gz sheet, whereas DY” 
sith from making a 
bidentate hydrogen bond 
to the main chain to en 


Prefusion 


conformation, priming the initial movement of 
the fusion domain toward the target membrane 
Conversely. the acidic amino acids that were 
ccither buried at the trimer interface (D°*) or 
brought clase gether (D> with D® and 
with D™) in the postfusion acidic conformation 
(17) ave solvent-exposed in the prefiasion state 


Postfusion 


ina salt bridge with H*”. (A), bottom] A close-up view of the prefusion 


DIV-Cter interface that has to be disrupted for DIV to move is shown. Note the cluster of conserved 


histidines, including HY”. 


Fig. 5. Antigenic sites of Rhabdo- 
viridae mapped onto the surface of 
the pre- (A) and postfusion (B) VSV 
G trimers, Sites ae colored on both 
forms and labeled on the form(s) in 
which they are recognized. VSV 
sites are labeled in bold, and RV 
sites are labeled in italics within 
parentheses. VSV sites AL (esidues 
37 to 38, corresponding to RV an- 
tigenic site located on segments 
composed of residues 34 10 42 and 
198 to 200) and A2 (located at the 
surface of helix E indicated in Fig. 
1) are indicated in shades of red. 
The RV G site recognized by anti- 
body 1702 (between residues 255 
and 270) is in orange. NS (extend 
ing from amino acid 10 to 15) i in 
datk blue, VSV site B (extending 
from amino acid 341 to 347), cor- 
responding to RV G minor antigen- 
ic site a (amino acid 340 to 342), 
is in magenta. In the prefusion 
conformation, the deft between Ot 
and Dill is colored black. It is 
flanked by residues 331 and 334, 
in gray, whose counterparts in RV 
affect virulence, 


Postfusion 


REPO! 


(not shown). Thus, the histidines in the prefusion 
form and the acidic residues in the pastfision 
form appear to constitute two pH-sensitive mo- 
Iecular switches, 

The major antigenic sites of rhabdoviruses 
are located in the lateral and PH domains (4-6) 
(Fig, 5), The accessibility of antigenic sites to 
antibodies has been studied in detail for RV G 
Antibodies directed against RV G site It are un- 
able to recognize the protein in its low=pHl con 
formation (7, 15), Indeed, during the structural 
transition, this site moves fiom the top of the 
mokcule to a less accessible location at the sur- 
face of the virus. Conversely, the N-terminal 
epitope of RV G (NS) is only accessible in the 
Jow-pH conformation at the viral surface (3/), 
Finally, RV G minor site a is wognized in both 
conformations (7). As for monoclonal antibody 
17D2 (33) that binds only the prefusion conf 
‘mation (34), its epitope is located in the seement 
of bali F that is unfolded in the native structure, 

The cellular receptor of VSV G has not been 
identified. Nevertheless, a canyon located be- 
tween the lateral and PHT domains is exposed at 
the top of the molecule and could be involved in 
ligand binding (Fig. SA). In support of this, 
residues 330 and 333 of RVG, which 
involved in the recognition of the putative 
rwoeptor p75 (ow-allinity nerve growth fietor 
rwoeptor) (35) and which affet viral pathoxenesis, 
align with residues 331 and 334 of VSV G, which 
are located at either end of the canyo 

In a previous study, we estimated the mi 
‘mal number of trimeric spikes involved in the 
formation of a RV fusion complex as about 13 
(15). Atthe viral surface, a local onganization of | 
the spikes resembling the P6 lattice foun in the 
crystal (in which all the spikes are oriented 
identically, with the major antigenic sites ex- 
posed at their tops) (fig, S3) might organize the 
xlycoproteins in an optimal manner for a con 
certed conformational change. It might also fi- 
ciliate the formation of the initial intermediates: 
‘on the fusion pathway. Indeed, the init 
deformations Jeading 1 the formation of the 
stalk and the initial fasion pore (36) can form 
inside the inner rim of such a hexagon, Re- 
inforcing the idea that the PO organization mi 
reflect the structure of a fusion relevant complex, 
local hexagonal latice of spikes of similar 
dimensions has been observed at low temperature 
‘under mildly acidic conditions at the surface of 
some RV G mutants that were affected in the 
Kinetics of their low pH-induced structural 
transition (31), 

It is offen considered that fasovenic proteins 
drive membrane fusion by coupling irreversible 
protein refolding to membrane deformation (37) 
‘AL Keast for shabdoviral G. this is not the case. 
Rather, it appears that a concerted cooperative 
change of a large number of elycoprotei 
(pethaps organized in a hexagonal lattice, like 
the one present in the erystals) is used 10 ov 
come the high energetic barrier encountered dur- 
ing fusion. 
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Extensive studies are currently being performed to associate disease susceptibility with one form 
‘of genetic variation, namely, single-nucleotide polymorphisms (SNPs). In recent years, another type 
‘of common genetic variation has been characterized, namely, structural variation, including copy 
umber variants (CNVs). To determine the overall contribution of CNVs to complex phenotypes, 
‘we have performed association analyses of expression levels of 14,925 transcripts with SNPs and 
CCNVs in individuals who are part of the International HapMap project. SNPs and CNVs captured 
83.6% and 17.7% of the total detected genetic variation in gene expression, respectively, but the 
signals from the two types of variation had litle overlap. Interrogation of the genome for both 


types of vz 
disease in humans. 


derstanding the genetic basis of phe- 

| notypic variation in human popu- 
tions is currently one of the major 

goals in human genetics. Gene expression (the 
‘transcription of DNA into mRNA) has been 
interrogated in a variety of species and experi- 
mental scenarios. in order to investigate the 
xzenetic basis of variation in gene regulation 
(8%), as well as to tease apart regulatory net- 
Works (9, 10). In some respects, a comprehen- 
sive survey of gene expression phenotypes 


ts may be an effective way to elucidate the causes of complex phenotypes and 


(steady-state levels of mRNA) serves as a proxy 
for the breadth and nature of phenotypic var- 
iation in human populations (27). Much of the 
observed variation in mRNA. transcript levels 
may be compensated at higher stages of regu- 
latory networks, but an understanding of the 
nature of genetic variants that affect gene ex- 
pression will provide an essential framework 
and model for elucidating the causes of other 
types of phenotypic variation. Single-nucleotide 
polymorphisms (SNPs) haye long been known 


through direct causal effects or by serving as 
proxies for other causal variants with which they 
are highly corelated (i... in Tinkage disequi- 
fibrium) (/, 2, 12). An understanding of this as 
sociation has been facilitated by the validation of 
millions of SNPs by the Intemational HapMap 
project (/3), However, during the last few years, 
structural variants, such as copy number variants 
(CNVs)--defined as DNA segments that are 
1 kb or langer in size present at variable copy 
‘number in comparison with a reference genome 
(/4)have attracted much attention (2), It 
bocome apparent that they are quite common in 
the human genome (/5-79) and can have dra- 
atic phenotypic consequences as a result of 
altering gene dosage, disrupting coding se- 
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quences, or perturbing long-range gene regu 
lation (20, 27), Evidence has been presented that 
increased copy number can be positively (8, 22) 
‘or negatively (23) correlated with gene expres- 
sion levels (for example, deletion of a transcrip- 
tional repressor could serve to elevate gene 
expression) but the relative contribution of such 
large genetic variants (ie,, CNVs) and smaller 
Variants (.e., SNPS) to phenotypic vafiation has 
not been evaluted, It is also still unknown 
whether SNPs can serve as proxies to CNVS 
(24, 25) and whether the complex nature of 
some CNVs requires that they be surveyed 
directly (26). We have used the phase 1 
HapMap SNPs (/3) and the recently described 
CNV data ascertained in the same HapMap 
populations (26) for correlation with genome- 
wide gene expression variation in the same 
individuals 

Gene expression was interrogated in lympho- 
bblastoid cell fines of all 210 unrelated HapMap 
individuals (/3) from four populations (CEU: 60 
Utah residents with ancestry from northem and 
westem Europe; CHB: 45 Han Chinese in 
Beijing: JPT: 45 Japanese in Tokyo: YRI: 60 
‘Yoruba in Ibadan, Nigeria) in four technical rep- 
Hicates (see Methods), Out of the 47,294 tran- 
scripts that were interrogated, the normalized 
values for 14,925 transcripts (14,072 genes) were 
included in the analysis [see Methods and (27) 
The SNP genotypes from phase 1 HapMap (28) 
were used in the analysis (sce Methods). CNV 
data were represented by logy ratios fiom com 
parative genomic hybridization (CGH) of each 
HapMap individual against a common reference 
individual on an aay comprising 26,574 large 
insert clones covering 93.7% af the euchromatic 
Portion of the genome (26, 29). Logs ratios from 
two sets of clones were analyzed: the whole set 
‘of 24,963 autosomal clones (CGH clones) anid 
the 1322 autosomal clones. corresponding to 
CNVs present in at least two HapMap ingivide 
uuals (CNV clones) (26). We excluded genes on 
sex chromosomes because of their imbalance in 
rmales and females. We performed linear rezres- 
sion (on each of the four populations separately) 
between nomalized quantitative gene expression 
Values and SNP genotypes or clone logs ratios 
that were near the gene (SNP position or clone 
‘midpoint within | Mband 2 Mb, respectively. of 
the probe midpoint position), We used dlfferent 
window sizes for SNPs and clones because 
clones are large (median size of ~170 kb) ant 
structural variants can exert long-range effects 
(2D, so a 2-Mb window is more appropriate. 
Statistical significance was evaluated through the 
use of permutations (20), as previously described 
(2), and a comected P value threshold of 0.001 
\was applied (see Methods). Repeated penmuta- 
tion exercises showed that our permutation 
thresholds were very stable (see table SI). W 
tested a large number of genes so an additional 
conection was required. This could be done 
either by adjusting the threshold to a new cor 
rected threshold above whieh all genes ane 
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expected 10 be significant (e2, Bonferroni cor 
rection) or by setting the threshold to a value that 
generates a satisfactory false-discovery rate 
(FDR). We have used the second, and we have 
«stimated the FDR on the basis of the number of 
‘genes tested and have required that, in all eases, 
at east 80% of the genes called significant are 
«estimated to be truly significant. Given that there 
are 14,072 genes that lic within | Mb of SNPs 
and within 2 Mb of the full set of CGH clones, 
and ~7150 genes that lie within 2 Mb from the 
CNV clones (from 7135 10 7191 depending on 
the populition, owing to missing data), we ex- 
pect this analysis to generate false-positive as- 
sociation signals for approximately 14. and 7 
_genes, respectively, in cach population. 

Of the 14,072 genes tested, we detected sig- 
nificant associations with at least one SNP for 
448, 370, and 411 genes for CEU, CHI 
JPT, and YRI, respectively (cg. Table 1 and 
table S1). These comprise a total of 888 non 
redundant genes of which 331 (37%) were 
replicated at the same significance level in at 
least one other population, and of those, 67 (8%) 
were significant in al four populations (Table 2 
and table S2). As expected, we have limited 
power to detect weak effects because of the 
small sample sizes: The minimum detected 
squared regression coefficient (7)—which 
reflets the proportion of expression variance 
accounted for by the linear association with 
allele counts—was 0.27. However, some very 
strong effects were detected that, in some cases, 
had an 7? close wo | (Fig. | and fig. S1), We 
detected a strong preference for associated SNPs 
to be close to their respective genes, most of 
Which were within 100 kb of the imtemogated 


REPORTS. ih 


expression probe (Fig. 1, Aand C). In summary, 
‘we detected a large number of regions that ap- 
pear to camy genetic variation alfecting gene 
expression. To evaluate the effect of experimen- 
tal yariation and, hence, the robustness of our 
associations, we compared the list of gene ex- 
pression associations from our previous study (7) 
in which we detected 63 expression associations 
significant at the 0.08 permutation threshold in 
the CEU population, OF those 63 expression 
phenotypes, 47 went into the current analysis, of| 
which 43 (91.5%) were called significant at the 
sume permutation threshold (0.05) in the same 
population. The previous study was performed 
with different batches of cells, by using RNA 
extracted in a different laboratory, with RNA 
levels quantified on a different type of ary 
(custom versus genomewide array), $0 the hi 
degree of experimental and statistical replication 
strongly suggests that the signals we detected are 
robust and stable to experimental variation in 
expression measurements, 

Of the 14,072 genes tested, we detected sig 
nificant associations with at least one of the 
24,962 autosomal CGH clones in 85, 44, 58, and 
% genes in CEU, CHB, JPT, and YRI, re- 
spectively (238 nonredundant genes), of which 
28 (12%) were replicated at the same signifi- 
cance level in at least one other population, and 
of those, $ (2%) were significant in all four 
Table 1, and table $3 and 
ot all associated clones Were 
's dofined using the stringent eriteria 
of (26) [119 out of 303 3%) associated clones 
‘were previously defined as CNVs}, and it is 
likely that some of these clones encompass 
smaller CNVs that ate detectable though asso- 


Table 1. Numbers of genes with significant associations to SNPs (SNP-probe distance < 1 Mb), all 
CGH clones (clone-probe distance < 2 Mb), or CNV clones (clone-probe distance < 2 Mb) as assessed 
by permutations, together with the numbers of overlaps between SNP-associated genes and CGH or 
CNV clone-associated genes (probe-variant distance < 1 Mb for both SNPs and clones) (see table $4), 


CNY (2 Mb) + 
Gene population cy 2 mb) snp SNP overt 
CGH clones CNY clones CGH clones: CNV clones 
Permutation threshold 0.01 
co) 362 138 643 “ 15 
cHe 2a no 6B 10 9 
yr 39 Ba 752 B u 
YR 481 166 815 “4 u 
Nonredundant_ 1246 451 1886 28 16 
‘Permutation threshold 0.001 
ceu 8s 40 323 9 8 
CHB “4 32 343 5 6 
yer 58 40 370 8 6 
YR % 42 au 7 6 
Nonredundant 238 9 888 15 12 
Permutation threshold 0.0001 
ceu 32 18 198 s 6 
CHB 4 1» 204 4 4 
las 23 20 27 6 5 
yRI 2 6 251 2 2 
Nonredundant cl 39 526 8 8 
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ciations of logs ratios across @ population, but 
cannot be detected as extreme outliers in their 
logs ratios in any one individual [as is required 
for classification as a CNV in (26)}- (see ex- 
ample below). For 36 common (minor allele 
frequency > 0.05) CNVs (encompassing 99 
CGH clones), accurate CNV genotypes were 
available. We used these genotypes to validate 
the statistical power of performing association 
analysis using logy ratios directly rather than 
genotypes. There was strong comelation be- 
tween 1? values or P values generated using the 
Joga ratio signals or the CNV genotypes 
(Pearson correlation coefficients > 0.9), indicat- 
that log2 ratios can be used dire 
Little prior data exists on CNV-expression 
associations against which to compare and 
demonstrate the robustness of our associations, 
‘One recent study (/4) demonstrated three asso- 
cations between common deletions and gene 
‘expression ina subset ofthe CEU. Two of these 
deletions are covered by our CGH data, The re- 
ported expression association caused by the 
largest of these two deletions is also captured 
nour analysis (influencing UGT2B/7), and we 
‘extend this observation to show that this deletion 
also afects the expression of three other nearby 
genes (UGT2B7, UGT2B10, and UGT2B11) anh 
that these associations replicate across all four 
populations, The smaller deletion of only 18 kb, 
reported previously (/8) as alfecting expression 
of GSTMI. is below the expected resolution of 
the CGH data, Nonetheless. we observe an as- 
sociation that, akhough it does not pxiss our 
stringent permutation threshold (0.001), has 
significant nominal P values in all four pop 
ulations (Pc = 0.0292: Pyyy = 0.001%; Pape = 


0.0408; Pos = 0.0185). This suggests that 
effects of CNVs far smaller than genomic 
regions that met our criteria to be called a 
CNV within the CGH platform can be detected 
and replicated in multiple populations with our 
analysis. 

Having investigated the potential contribu- 
tion of CNV to variation in gene expression by 
using data from all CGH clones, we interrogated 
the nature of CNV efigets on gene expression in 
finer detail by performing association tests of 
1322 clones within high confidence CNVs (see 
above) with expression of the 14,072 genes, in 
onder to generate a set of high stringency asso- 
cations for which the presence of an underlying 
CNV has already been validated, Significant as- 
sociations with at least one of the 1322 CNV 
clones were detected for 40, 32, 40, and 42 
‘genes in CEU, CHB, JPT. and YRI, respectively 
(99 nonredundant genes} (table $4), Thirty-four 
of the 99 genes G4%) associated with CNV 
clones have a significant signal in at least two 
populations (Table 2), of which 7 (7%) were as- 
sociated in all populations. Some CNV clones 
were associated with more than one gene in the 
same population; a notable example was a single 
CNV clone associated with expression of Four 
genes in all populstions (UGT2B_ genes, soe 
above), CNVs detected by CGH can be classified 
into five clawes: deletion, duplication, deletion 
and duplication at the same locus, multialle 
and complex (26); we find all classes of CN’ 
represented among the significant associations 
Despite the clear preference for genes to fe clase 
to their associated CNVs (Fig. 1, B and D), $3% 
‘of the expression probes associated with a CGH 
lone were located outside the CNVs encom 


Table 2. Sharing of associations between populations. 


CGH clone CV clone SNP 
cr) 2 mb) amb) 
3 7 o7 

CEU-CHE PT 2 4 48 
‘CEU-CHB-YRI 1 o n 
CEUSPT-YRI 1 ° sty 
CHB-}PT-YRI 3 3 2B 
CEUCHE 1 3 18 
ceuser 2 o as 
CEUYRI 6 6 36 
cHB}PT 4 5 51 
CHB-YR 1 2 18 
JPT-YRI 2 a cu 
CEU only or 20 16 
CHB only a 7 107 
IPT only 39 18 prrd 
YRI only 7 20 az 

sum 238 9 888 
Gene associations in at 

least two populations 28 34 331 
Percentage of total oz 034 037 
Gene associations in 

single populations 210 65 357 
Percentage of total 0.88 0.66 0.63 


passing that clone (26), This suggests that rather 
than altering gene dosage, about half the CNV 
effects are caused by disruption of the gene 
(some parts of the gene, but not the probe, are 
‘within in the CNV) or affect regulatory regions 
and other functional regions that have an impact 
fon gene expression. When we extended our 
analysis to consider associations between genes 
and CNVs up to 6 Mb apart, we detected a few 
significant long-distance associations beyond 
2 Mb (table SS), These types of long-range effects 
are becoming more apparent through recent 
studies looking in detail at specitic. genomic 
regions (20, 31). A small minority (5 10 15%) of | 
the significant CNV-expression associations 
have a negative correlation between copy num 
ber and gene expression, which suggests that 
not all the detected effects are ofthe conventional 
type, Wherein gene expression levels inerease 
‘with gene copy number (able $3). Almost all 32 
cout of 34) of the associations that are shared 
between populations also exhibit the same die 
rection of correlation in all populations, The two 
‘exceptions could result from the CNVs being in 
linkage disequilibrium with different regulatory 
variants in diferent populations or because of 
SNP * CNV interactions, However, the strong 
bias towand positive correlations between copy 
number and expression levels implies that the 
‘ast majority of these associations are atrib- 
table 10 the CNV itself, and not to a linked 
variant. 

We next determined whether the same as- 
sociations were also captured by SNPs (Fig, 2 
and figs. S3 and S4), We only considered those 
CGH clones oF CNV within 1 Mb of the probe 
so that the analysis is comparable to that of the 
SNPs (total of 188 and 84 genes for CGH clones 
and CNVs, respectively). We expect some of the 
CNVs to be correlated with SNPs via common 
genealogical history (linkage disequilibrium) 
and therefore their effect on gene expression 
‘would also be captured by SNP associations. 
Fewer than 20% (in all populations) of the de= 
tected CGH clone associations overlapped with 
SNP associations (Table 1), even when we ine 
cluded CGH and SNP associations with the 
same gene but indifferent populations [28 out of | 
188 (14%) genes with significant’ CGH clone 
associations also had a SNP association in any 
population]. The same is true of CNV clone as- 
sociations: Only 13 of 84 genes (18%) with 
CNV clone associations within | Mb also had a 
SNP association in any population, and if we 
required the association in the same population, 
only 12 (14%) of genes had a SNP assoc 


patterns of linkage disequilibrium around CNVs 
(26), we considered that this low overlap be- 
tween CNV or CGH clone associations with SNP 
associations might be due in part ether to a low 
density of successfully genotyped SNPS around 
some CNV or to the suppression of apparent LD 
bby recurrent mutation at some CNVs. Segmental 
duplications (SDs) are the primary eause of low 
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SNP densities in HapMap Phase I because of the 
difficulties in developing robust SNP genotyping 
assays within them (/3). We did not observe en- 
richment of segmentally duplicated. sequences 
‘within the CGH and CNV clones that did not 
share signals with SNPs relative to those CGH 
and CNV clones that did share signals with 
SNPs However, we observes 2.5-fold excess of 
compound CNVs [CNVs with more than one 
‘mutation event, on the basis of classification of 
the CNVs in (26)] in associations that ane not 
shared with SNPS relative to those that are 
shared (Fisher's exact test: P< 0.001). Thus our 
sis suggests that recurent mutation is 3 

factor reducing overlap between CNV 

associations. 

CNY associations that were also detected 
with SNPS were clearly biased toward lange 
effect sizes (tables SI and $3}, Of the 12 genes 
With both SNP and CNV associations in the 
‘same population, 8 shared the association in two 
‘oF more populations (giving a redundant total 
‘across the four populations of 26 shared CNV. 
and SNP associations). The ratio of 8 out of 12 
(67%) population shared associations is larger 


A 


than that observed in all CNV associations (34 
‘out of 99 = 34%) potentially suggesting that 
associations with higher frequency. older CNVs 
are more likely to be captured by SNPS. For the 
26 associations (representing 
above) captured both by CNVs and SNPS in 
the same population, we observed that SNPs and 
(CNV were themselves highly correlated for 23 
‘out of 26 SNP-CNV pairs (Pearson comelation, 
P< 0.001) sugeesting that for these cases the 
NVand SNP captured the same effect, and that 
‘only a small fraction ofthe associations captured 
bboth by SNPs and CNVs occurs by chance, In 
summary, 87 out of 99 (87%) of genes with a 
significant CNV association are not associated 
with SNPS. 

The large-scale (typically > 100 kb) copy 
number variation analyzed here appears 0 be 
associated with about 10 to 25% as many gene 
pression phenotypes as captured by ~700,000 
SNPs, ana the majority of these effects cannot be 
explained by altered dosage of the entire gene, 
‘but by gene disruption and its impact on the 
regulatory landscape of the region where these 
NVs occur. When we restrict the analysis to 
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within | Mb of the probe of the expressed 
wwe detected 1061 genes associated with Ct 
clones or SNPs, 17.7% of which are associated 
‘with CGH clones, 83.6% with SNPS, and 1.3% 
with both, OF the 972. genes associated with 
CNV clones or SNPs, 8.75% are associated 
with CNV clones, 92.5% with SNPs, and 1.25% 
with both, Whereas the phase I HapMap SNPs 
likely capture a large fraction of the SNP effects 
in the genome (/), only a small minority of the 
ENVs in the genome were considered here: 
CNVs< 100 kb in fength are far more numerous 
than CNVs >100 kb in length (19), As a con- 
sequence, 8.75 to 17.7% is a minimal estim 
of the proportion of heritable gene expression 
variation that is explained by copy number 
variation 

Our study has attempted to evaluate the rele 
ative impact of CNVs and SNPS on phenotypic 
Variation in human populations. Within the limi- 
tations of our samples, tissue type, SNP cover: 
age, and CNV resolution, each type of genetic 
‘Variation captures a substantial number of large~ 
Jy mutually exclusive effects on gene expres- 
sion, We also demonstrate that both CNV and 
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Fig. 1. Strength of association as a function of distance between (A) SNP 
‘and probe and (B) CNV and probe. Positive associations between mRNA 
levels and clone loga ratios are shown in red, negative associations in 
black. Distance equal to zero corresponds to the probe residing within the 
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‘Adjusted & 


CNV. In each population panel, only the details for the most significant 
association per significant gene are shown. Distribution of r* values for 
the most significant association per significant gene for (C) SNP- 
‘expression associations and (D) clone-expression associations. 
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Fig. 2. Examples of SNP-expression and clone-expression associations in the 
four HapMap populations. (A) Clone-expression association for SMIN2; 
chromosome 5 (chr 5). Significant associations between clones and ex: 
pression are observed in CEU, CHB, and JPT, but not in YRI. (B) SNP- 
expression and clone-expression association for GBP3: chr 1. Both SNPs and 
clones are significantly associated with expression of GBP3 in CEU, CHB, and 
JPT, but not in YRI. In each plot, dotted lines show the 0.001 permutation 
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significance threshold. For clone-expression associations, all clones in the 
‘window are shown; however, the significance threshold was determined by 
‘permuting data only from those clones in CNVs where the CNV was present 
‘in at least two HapMap individuals. All coordinates shown are from Build 35, 
‘of the human genome. Inset panels show the relation between mRNA levels 
‘and SNP genotypes or clone logs ratios, for the most significant clone or SNP 
in that population, which may differ across populations. 


9 FEBRUARY 2007 VOL315 SCIENCE www.sciencemag.org 


SNP associations are replicated across popula- 
tions. Replication of association signals is the 
‘sine qua non of association studies, and the fact 
that we observe this even between diverse pop- 
ulations and with small sample sizes highlights 
the relevance and robustness of the associations 
wwe detect. Gene expression is the bass for many 
‘erucial functions in the cell, so the relative con- 
tribution of these two types of variants is an in- 
dication of the nature of the mutational and 
natural selection processes that contribute t0 
phenotypic diversity and divergence. Iti, there- 
fore, essential that we interrogate both SNPS and 
CNVs (of all types) to perform a comprehensive 
exploration of genetic effects on phenotypic var- 
iation and disease, It is possible that, if a larger 
number of SNPs were analyzed ora higher reso- 
lution of CNV was available, we would 
‘observe more overlay between the effets attri 
buted to CNVs and SNPS. However, the difficulty 
‘of designing robust SNP genotyping assays in 
structurally dynamic tegions of the genome (26) 
e comprehensive 
interrogation of SNPs and CNVs, the overlap 
may not be high enough forone type of variation 
to be for exploring the genetic causes 
Of disease, We have also demonstrated that 
not necessary to perform such studies with CNV 
calls of CNV xenotypes, but itis possible to use 
filtered CGH logs ratios or any other type of 
high-qu ive signal that reflects un- 
derlying CNV. It has also become apparent that 
there are many more structural variants that con= 
tribute to phenotypic variation than our stringent 
criteria for what isa CNV reveal and that higher= 
resolution methods are necessary to elucidate 
their structure and! function. Last but not least is 
the fact that we have only considered simple 


models of association in small samples, 50 it is 
very likely that if we apply more complex and 
rwalistic models (c., cpistatic interactions) 
and/or larger population samples, a larger num- 
ber of eflicts woul! be revealed. The results 
presented here reinforce the idea that the com- 
plexity of functionally relevant genetic variation 
ranges from single nucleotides to megabases, and 
the full range ofthe effects of all of these variants 
will be best captured and interpreted by complete 
knowlalge of the sequence of many human 
‘genomes. Until this is possible we need to sur 
all known types of genetic variation to maximize 
‘our understanding of human evolution, diversity, 
and disease, 
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Evidence That Focal Adhesion 
Complexes Power Bacterial 


Gliding Motility 


‘Tm Mignot, * Joshua W. Shaevitz,? Patricia L. Hartzell, David R. Zusman™* 


The bacterium Myxococcus xanthus has two motility systems: $ motility, which is powered by type 
IV pilus retraction, and A motility, which is powered by unknown mechanisms). We found that A 
motility involved transient adhesion complexes that remained at fixed positions relative to the 
substratum as cells moved forward. Complexes assembled at leading cell poles and dispersed at the 
rear of the cells. When cells reversed direction, the A-motility clusters relocalized to the new 
leading poles together with S-motility proteins. The Fr2 chemosensory system coordinated the two 
motility systems. The dynamics of protein cluster localization suggest that intracellular motors and 
force transmission by dynamic focal adhesions can power bacterial motility. 


turing the exhibition of gliding motility, 
bacteria move across solid surfaces with- 
out the use of flagella (/). Gliding motility 
is important for biotilm formation and bacterial 
Vinulence. Motility in Mexoeveeus xanthus, a 
Gram-negative mxl-shaped bacterium, relies on 


two separate but coontinated motility engines S 
motility is powered by type IV pili that are as- 
sembled at the Keading cell pole: movement is 
‘produced as the pili bind to surface exopolysac- 
charides and are retracted, thereby pulling the cell 
forward (2). A motility, on the other hand, is not 


associated with pili or other obvious structures 
and is not well understood 

‘To investigate the A-motility system, we 
studied AglZ, a protein that is essential for A 
‘motility but dispensable for S motility (fig. SL. A 
and B) (3), AglZ.is similar to Fre, an S-motility 
protein that oscillates from one cell pole to the 
other when cells reverse direction (4) (fig. SIA). 
Totrack the localization of AgIZ in moving cells, 
‘we constructed an ML. santfus strain containing a 
chimeric ae/Z-vfp gene in place of the endoze- 
nous aelZ gene (lig. S2A), This chimeric gene 
encodes an AglZ-yellow fluorescent protein 
(YFP) fusion protein that was stable and. fune= 
tional Band), We followed AgiZ-YFP 
localization using time-lapse video microscopy: 
In fully motile cells, AglZ-YFP was localized in 
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ondered clusters spanning the cell length; in To study the link between the localizatios 
stalled cells, it was localized at the leading cell 1d motility, we focused our obs 
poke (fig. $3). Vations on AgIZ-VFP in fully motile cells. These 
Fig. 1. AglZ-YFP local- Time (min) B 


izes to periodic sites that 
remain fixed relative to 
the substratum. (A) Agl2- 
YEP localization in a cel 
moving at constant ve- 
locity. Fluorescence micro- 
graphs captured every 
30 sare shown, Numbered 
arrowheads highlight ss 
selected bright fluores- 
cence clusters, Scale bar, 
1 jum, (B) Line scans of 0 
fluorescence intensity as © 
a function of position are = § 
shown for each mavie 
frame in (A). For display el 4) 
purposes indi ans $o2}yPw/\Q 
' 


Position (ym) 


\ £ 
egeepent es Ww | 
metly wih te Gey B°'T WA Bt 
isomers ra LV 
Vishet pa be es silage) 
wipe te sam ar 

Tglhe pesos of cis 113i Pk bars drt lps dl town 
sen to Quentatee sual the AGES Norecece dation eto ee oe 
savas ecient heatonad hg oa oe actrees ea Renee dno 
i) Power pect Gey ol ie aueencaon can 


Fig. 2. AglZ-VFP localizes to transient adhesion sites. (A) Agl2- A, 
YEP fluorescence clusters in a cell that bends while in motion. — 
(Fop) Cells stained with the membrane dye FMM4-64 are shown, 
(Gottom) An overlay of the membrane signal (gray) and the 
‘Agl2-YEP signal (magenta), which is artificially colored for better 
clarity, are shown. White and black arrowheads point to regions 
of cell-body curvature and localization of the YFP signal, 
respectively. Arrows indicate the direction of movement. Scale 
bar, 1 ym. (B) AglZ-YEP fluorescence clusters in a cell 
undergoing flailing motion. Fluorescence and overlaid phase 
micrographs (top and middle rows, respectively) are shown. 
Time intervals, 1 min. A cartoon representation (bottom row) 
shows the clusters numbered and color-coded for the analysis 
shown in (O. The arrow indicates the stuck leading pote. Scale 
bar, 2 jum. (C) Dynamic behavior of the AglZ-YEP fluorescence 
clusters in the cell shown in (B). Time intervals, 30 s. (Top) The 
velocity of the lagging pole over time is shown, Dotted lines 
mark the times where relaxation ofthe terminal bend (Relax. is 
observed. The leading pote remained immobilized for the entre 
duration ofthe time lapse. (Middle) The distance traveled by the 
Agl2-YFP clusters, color-coded and numbered as in (B), over 
time is shown. 1, blue triangles; 2, blue diamonds; 3, purple 
squares; 4, pink squares: 5, green triangles. For each cluster, the 
distance traveled by the lagging pole (orange diamonds) during 
the same time interval was plotted to show that the clusters 
remain mostly fixed relative to the substratum. (Bottom) The 
relative fluorescence intensity of each cluster over time. The 
same color code as that used in the middle panel applies 


cells showed an ordered amay of AgiZ-YFP 
clusters spanning the cell body (Fig, 1A). As cells 

rwand, AgIZ-YEP clusters 1 
fixed positions with respect to the ay 
rather than to their relative positions in the cell 


i substrate 


(Fig, 1A), We analyzed the clusters by taking line 
scans of the fluorescence intensity along motility 
paths for successive movie frames (Fig. 1B), To 


identify the postion of peaks in multiple frames, 
we calculated a thresholded line-scan average 
(Fig. 1B) (5), This analysis not only located the 
positions of clusters shown in Fig. 1A, but also 
had the sensitivity to find other common peaks 


that were difficult to identify when viewing 
images with the eye. In every cell that was 
ined (1 = 30), the AgiZ-YEP clusters 
remained fixed relative 10 the substratum, The 
only AglZ-VFP clusters that moved relative 10 
the cell body were located at the leading pole, 
Which s 


sts that new sites were assembled at 


that pole. The number of clusters per cell was 


dependent on cell length; clusters: were diss 
sembled when they reached the rear half of the 
cell (fig. $4). 

We calculated the autocorrelation function of 


the fine-scan aver ilerent moving 
cells (Fig. 1C), Autocorrelations are useful for 
finding repeating pattems in a signal, such as the 


determination of 


he presence of periodicities 
buried under noise, The average of all six auto- 
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correlation functions displayed a clear periodicity 
(Fig. 1C), represented by a single large peak at a 
spatial frequency of 2.15 = 0.03 am 


spectral density (Fig. 1D). This frequency core- 
sponded to a spatial periodicity of 466 = 7 nm, 
Which is very similar to the helical pitch of 


Time (sec) 
0510 15 20 25.3035 40 


pause, 


Fig. 3. Agl2-VFP oscilates from pole to pote upon cellular reversals. (A) AglZ-YFP Localized to the new 
leading pole upon cellular reversals. Fluorescent micrographs of Agl2-YFP (magenta) and a 
representative reversing cell stained with FM4-64 (gray) were overlaid to show AglZ-YEP dynamics 
‘every 305, The black arrows inside the panel indicate the direction of movement. The arrowheads in (A) 
‘anid (B) show the relocalization of AglZ-YFP at the new leading pole. R, reversal. (B) AglZ-YFP dynamics 
atthe time of reversal. Fluorescence micrographs of a reversing cell captured every S sare shown. The 
10:5 delay is indicated by “pause.” Scale bar, 2 ym. (C) AglZ-YFP oscillations in hyper-reversing ces. 
Fluorescent micrographs of a freCO* cell that expresses AglZ-YFP captured every 30 $ are shown. The 
white arrows in (B) and (C) indicate the direction of movement. Scale bar, 2 jum. (D) Quantitative 
fluorescence analysis ofthe cell presented in (C) The relative fluorescence intensities of each cell pole 
‘were measured in arbitrary units and plotted overtime. The black line indicates the initial leading pole, 


and the gray line indicates the initial trailing pole. 


Fig. 4. Dynamics of AglZ-VFP clusters in artificially elongated 
cells, (A) AglZ-YEP dynamics in A*S~-motile filamentous cells. 
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Fluorescent micrographs of a representative 20-um-long 
cephalexin-treated cell stained with FNA-64 (gray) expressing AglZ-YFP (magenta). AglZ-YFP is only 
found distributed over the front part of the ell when the cel isin motion. The arrowhead indicates polar 
‘condensation of AglZ-YFP. “Pause” indicates times when the cell motion is stopped. Scale bar, 2 um. 
(B) Relationship between cluster number and filamentous cell length. (C) Relationship between relative 
drag force overcome and cluster number in filamentous cells. 
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bacterial actin MreB as seen in both Baciflus 
subtilis [470 nm (6)]| and Escherichia coli (460 
80 nm (7) 

Because AglZ-YFP clusters ren 
relative tothe substratum as cells moved forwa 
they must be moving in the opposite dire 
to that of the cell. These dynamics suggest the 
formation of cytoskeleton-anchored. transient 
surface adhesions that could. power cellular 
movement, We analyzed eetls that bond while 
in motion 0 investigate whether AglZ-YFP 
clusters could indicate sites of transient adhesion 
between the cell surface and the substratum. 
Firs, in a moving cell that was progressively 
two distinet sites of curvature were 
2A). IF ABIZ-VEP localizes at 
sites that mediate adhesion with the substratum, 
then clusters should accumulate at sites of 
maimum bending. As expect 
of AgIZ-YFP was specifically obse 
site, Second, cells sometimes became stuck at 
their Kkading end, which prevented forward 
movement; these cells bent into U or S shapes 
as the active A engine pushed against the flexible 
cell wall, It has been proposed that these Mailing 
motions are due 10 a motor pushing fiom the 
lagging end of the cell (8), However, if multiple 
motor-coupked adhesion complexes pushed cells 
forward, flailing would also occur, in that situt- 
tion, cell bends would form between adhesion 
compleres. In a flailing cell expressing AglZ- 
YFP (Fig. 2B), as the front of the cell beca 
fixed, the still-mo adopt a rig 
U shape and then relaxed to adopt a left-handed 
U shape that transitioned into an S. shape to 
become a right-handed U shape again (neigh: 
boring cells probably block full relaxation 
between 2 to 3 min and 8 to 9 min). Cell shape 
comelated with the pattern of AglZ-VFP clusters 
At cach bend, enlarged AglZ-YFP fluorescence 
clusters were not observed at the maximum 
inflection points, but rather between the bends 
The fluorescent clusters mainiained relatively 
fixed positions with respect to the 
the cell body appeared to move through 
2, B and C), Furthemore, as the 
nd dispersed at the 


wed fined 


handed 


le cell 


ng cell pol 


removed 
the cell body 
adhesion” sites wher 


is (F 
pears to move through 


Ocal 
AglZ-YEP accumulates. 
The dynamics of AglZ-YFP localization (Fig 
JA) suggest that A-engine clusters are assembled at 
the Ieading cell pole and disassembled at the 


lagging end. It follows: then that, during cellular 
reversals proteins of the A-motility system should 
be shifled to the new keading pole along with S- 
rmwility components (4). Indeed, upon cellular 
reversil, AlzZ-YFP localized rapidly to the new 
Ikading pole (Fig. 34 and table S2), This was a 
‘wostep proces: Immediately before reversal, the 
cell paused for 10 and AglZ-YFP became diffuse 
(Fig, 3B), The cell then reversed, and AglZ-VFP 
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localized to the new leading pole affera 10-s delay 
‘Thus, AgIZ may not tigger polar switching, but 
rather might be assembled atthe new leading pole 
along with other motility components. 

‘The Fr chemosensory pathway, which regue 
fates cell reversals, controls FréS translocation to 
the leading pole when cells reverse direction (4). 
In a nonreversing /E mutant, AglZ-YEP local- 
ization never switched poles, In contrast, a hyper- 
reversing fizCD? mutant showed very frequent 
reversals that were always followed by 
polar switching (Fig. 3, C and D, and table S2). In 
this fi2CDF strain, AglZ-YEP was mostly polar in 
distribution, and ordered intracellular fluorescens 
clusters were only observed transiently. Thus, 
cellular reversals result from the concerted 
switching of both A and S-motility components 
to the new Keading pole (4). Coontination of these 
two engines must be achieved through the 
signaling activity of a common pathway 

Although AgIZ-YEP localized to transient 
‘adhesion sites, it unckear whether the force that 
proxluces locomotion is generated at those sites. To 
address this question, we investigated the motility 
of cells trated with the antibiotic cephalexin, 
‘Cephalexin-twate cells, which elongate up t0 10 
times their natural length, showed almost normal 
‘A motility but greatly reduced S motility, which 
suggests that the A engine is distributed along the 
cell body whereas the $ engine is polar (9), We 
also observed that 10-t0 30um-long A°S motile 
‘cephalexin-treated cells moved with velovities that 
‘were independent of cell ength. The localization 
‘of AglZ-YEP was also comelated with the activity 
‘of the A engine in these eells (Fig. 4). In these 
moving filaments, AgIZ-YEP_ was localized in 
clusters that were distributed in the front part 
‘ofthe cell, whereas the buck of the cel was lange- 
ly dopleted of clusters (Fig. 4); consequently 
the number of clusters per cell was langely 


independent of cell ength (Fig. 4B). Thus, in the 
filaments, we could test whether force was 
produced at the sites where AglZ-YFP accurmu- 
lates by analyzing the relationship between the 
number of sites and the “drag force overcome 

Li, the force necessary to power the motility of a 
cell of given call length and velocity (5). Indeed, 
the drag force overcome was proportional to the 
number of clusters in filamentous cells (Fig. 4C), 
indicating that motility force seems to be produced 
at the adhesion sites; these characteristics. are 
similar to cukaryotic focal adbesions where both 
adhesion and force are generated (10), 

Previously, a “slime gun” model for gliding 
motility was proposed because, in several bacterial 
species, motility is correlated with the seertion of 
slime through pores (nozzles) located in the outer 
membrane (Ui. 12), and a biophysical model 
suggested that the hydration of slime within the 
nozzles couk! generate sufficient foree t propel 
bacteria forward (1), Our results are consistent 
With an alternate model, whereby intracellular 
motor complexes that connect to both membrane 
spanning adhesion complexes and 10 the cyto- 
skeleton power motility by pushing against the 
substratum and moving the cell body forward, 
much like focal adhesion-based traction or 
apicomplexan glidis in cukaryotic 
‘organisms (Fig. SS) (0, 13), The periodic 
the AglZ-YFP clusters strongly. implies the 
existence of & con clical filament that 
spans the length of the cell. Thus. the action of the 
motor complexes may induce the cell body 10 
rotate it pulls the cell forward (fig. SS). Rotation 
‘ofthe cell body as cells move has been shown for 
Cotophaga sp. an organism that also secretes 
slime during meility (4), Slime sceretion may be 
‘ait of the motility system, by supplying addition- 
al power for movement and/or adhesion or 
lubrication of the interface between the cell boy 


and the substratum (/0). The dynamics of AglZ- 
YEP and FreS-green fluorescent protein (GFP) 
fasion protein (4) suggest how the A and S en- 
zines might be coordinated: A and S complexes 
olla so that they are tangeted together to the 
new leading pole upon cellular reversal, which is 
synchronized by the Frz chemosensory system, 
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Apoptosis Initiated When BH3 Ligands 
Engage Multiple Bcl-2 Homologs, 


Not Bax or Bak 


Simon N, Willis,” Jamie I, Fletcher,” Thomas Kaufmann,” Mark F. van Delft," Lin Chen,? 


Peter E. Czabotar,? Helen lerino,* Erinna F. 


Lee, W. Douglas Fairtie,? Pt 


lippe Bouillet,* 


‘Andreas Strasser,” Ruth M. Kluck,* Jerry M. Adams,}* David C. S. Huang™*t 
‘A central issue in the regulation of apoptosis by the Bcl-2 family is whether its BH3-only members 


initiate apoptosis by directly binding to the essential cell-death mediators Bax and Bak, or 


whether they can act indirectly, by engaging their pro-survival Bcl-2-like relatives. Contrary to the 
direct-activation model, we show that Bax and Bak can mediate apoptosis without discernable 
association with the putative BH3-only activators (Bim, Bid, and Puma), even in cells with no Bim 
or Bid and reduced Puma. Our results indicate that BH3-only proteins induce apoptosis at least 
primarily by engaging the multiple pro-survival relatives guarding Bax and Bak. 


thera cell dies in response to diverse 
developmental cuesor cellular stresses 
is determined largely by interactions 


between thee factions ofthe Bel-2 protein family 


(2). Two factions promote apoptosis: The BHS- 
‘only proteins (including Bim, Bid, Puma, Bad, 
and Nova) sense cellular damage, and Bax and 
Bak are critical downstream mediators of apo- 


ptosis because their combined absence abolishes 
most apoptotic responses (2, 3). When activated, 
Bax and Bak pemeabilize the outer mitochon- 
dial membrane, freeing proapoptogenic factors 
sich as cytochrome ¢, which promote activation 
© proteases (caspases) that mediate cellular 
demolition. Activation of Bax and Bak is op- 
posed by the pro-survival faction: Bel-2, Bel-xt, 
Bel-w, Mell, and Al, These guardians are in- 
activated when BH3-only proteins insert their 
BH3 domain into a groove on the pro-survival 
proteins (/), 

‘Awidely embraced mode! forthe initiation of | 
apoptosis (4) (Fig. 1A) proposes that a subset of 
BIL3-only proteins termed “activators” —namely 
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Fig. 1. BH3 binding to Bax and Bak. (A) AL 
‘Models for activation of Bax or Bak. (B) Rel- 
ative affinities of BH3 peptides for octyl- 
‘glucoside (0G)-treated Bax, determined in 
solution competition assays (8, 10). IGpo. 
median inhibitory concentration. NB, no 
binding at 10 iM. (C) Coimmunoprecipitation 
tests in Triton X-100-containing lysates of 
healthy thymocytes (-) or 24 hours after 
treatment with ionomycin (+), a Bim- 
dependent stimulus (14). Bim-containing 
‘complexes, isolated using an antibody (35) 
that recognizes all Bim isoforms, were ex- 
amined for Bax, Bcl-2, or Mcl-1 (upper three 
panels). Control, isotype-matched antibody 
immunoprecipitation; WCL, whole-cell lysates; 
1P, immunoprecipitation, 
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Fig. 2. Binding to Baxis A ee. B 

not required fr kiting by 

‘Bid, (A) In Triton X-100— 5 i 3 we: 

conticing 2931 aes; 20 ot 
the binding of overex: HA ae 
pressed hemagglutinin — << 8 
(HA)-tagged tBid [wild bad a a 
type (WI) oF its G94 mur 25 fe Bex, cis 
tants to endogenous Bax, 26 

oF of ovens pro Me * 


survival proteins, was 
tested by coimmunopre- 
cipitation with an antibody 
to HA and. immunoblot- 
ting with the indicated 
antibodies. Lower panels, 
protein expression in WCLs. 
Control, immunoprecipi- 
tation from untransfected 
cells, (B) Colony forma- 
tion 6 days after plating 
‘of equivalent numbers 
‘of retrovirally infected 
MEFs (20), normalized 


to the number of colonies formed with the parental retrovirus. Data represent means + SD from three 


independent experiments. (C) Cytochrome ¢ release elicited by BH3 peptides. Permeabilized MEFS 


incubated with each BH3 peptide (10 iM) were separated into soluble (s) and sedimented (p, pellet) 
fractions that were probed with antibodies to cytochrome ¢, Bak (membrane marker), or HSP70 


(cytosolic marker). 


Bim and Bid (4-6) and, perhaps, Puma (7) 
icctly engage Bax or Bak. The other BH3-only 
proteins, termed “sensitizers” (for example, Bad 
and Noxa), purportedly aet only by displacing the 
activators from the pro-survival proteins, allow- 
ing the activators to bind Bax anid Bak. An alter- 
native indirect model (8, 9) (Fig. LA), supported 
here, posits that BH3-only proteins activate Bax 
‘or Bak not by binding either one but indirectly, 
by engaging the multiple pro-survival relatives 
that constrain them. In this scenario, Bim, Bid, 
nd Puma are highly potent because they en 
gage all pro-survival proteins, whereas the others 
are less so because they bind only selective sub- 
sets (8), 

We first investigated whether BH peptides 
associate with Bay in vitro (0). The Bim and Bid 
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BH peptides failed to bind native Bay (fig, 
SIA), and even a lange excess of the Bim pep- 
tide did not promote Bax oligomerization ( 
$2). In non-ionic detengents that akter the Bax 
conformation (fig. $3) (11), perhaps mimicking 
‘an activation step. they did bind (fig. SIA). 
However, their affinities for Bax (in the micro- 
molar range) (Fig. 1B) appeared to be lower than 
those fim the nanomolar range) for the pro- 
survival proteins (8) (fig. SIC). Thus, Bim and 
Bid peptides bound weakly and only afier Bax 
had changed conformation. No other BH3 pep- 
tide. including that of Puma, bound even to 
activated Bax (Fig. 1B), 
Coimmunoprecipitation studies extended 
these observations to full-length BH3-only 
proteins in cell lysates (fig. S4) (/0). In lysates 
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‘of human embryonic kidney 203T cells prepared 
with the detergent Triton X-100, BH3-only 
proteins bound to Bek2 or other pro-survival 
proteins (4) but not to endogenous Bak (fig. $4) 
‘Similarly, in lysates made with CHAPS, a deter 
gent that maintains Bax as a soluble monomer 
(2), 00 BEB-only protein bound Bax. In Triton 
X-100 lysates, Bax did bind detectably 4 
truncated Bid (ABid) produced by caspases, but 
not to full-length Bid (ig. S44), which has its 
BH domain buried (12), Bima, and Bim, the 
only Bim isoforms detectable in. multiple cell 
types (lig SS) filed to bind Bas (ig. S4B) (13), 
though both Kill ently (8), Bax 
bind the very minor Bims isoform (ig. S4B) and 
some unusual Bim variants confined to certain 
primates (fig. $6), However, no Bax was de- 
tectable in endogenous Bim protein complexes 
(Fig. 1C), even those from mouse thymocytes 
treated with ionomycin, which kills via a Bim 
dependent pathway (14), In contrast, the bind= 
ing of Bim to endogenous pro-survival proteins 
‘was evident, and this binding inereased after 
cellular insults (Fig, Bim 
didnot form physiolog 
plexes with Bax or Bak. 
To test whether cell kill 
requires theirbinding o Bax, we used a mutation, 
glycine to alanine [Gly —> Ala™ (G94A)], 
‘within their BH domains tha abrogated binding 
to Bax but not to the pro-survival proteins (Fig. 2 
and figs. S7 10 $9), Despi 
Bax, tBid G94A killed mouse embryo fibroblasts 
(MEFs) and mouse myeloid cells as eflcctiv 
as the wild-type protein, in both short-term 
Viability (figs. S7 and $9) and clonogenic (Fig. 
2B) assays. Our studies with MEFs lacking Bax 
oor Bak (fig, $9) showed that either Buk or Bax 
could mediate the killin. Furhemore, the Bid 
GO4A BI peptide, like the wik-type peptide, 
promoted cytochrome ¢ release from mitochon- 
dia in vitro (Fig. 2C) (10) The equivalent Bims 
‘mutant gave similar results (figs. S8 and $9). 
Thus, tBid and Bim ean induce apoptosis 
without binding Bax or Bak, We inferred that 
these protcins and their G-to-A. mutants caused 
cll dsath by binding to and neutralizing diverse 
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Fig. 3. Apoptosis in 
the absence of both Bim 
and Bid. (A) Viability of 
«ells lacking Bim and Bid 
after UV irradiation or 
etoposide treatment. (B) 
Bax activation without 
Bim-Bid, Immunoprecipi- 
tation with monoclonal 
antibody 6A7, which rec 
‘ognizes. only activated 
Bax (12), from WT or 
im bid” MEFs treated 
for 24 hours with etopo- 
side, (C and D) Killing by 
sensitizer BH3-only pro- 
teins, (Q) BH3 specifciy. 
(0) Colony formation af- 
ter Bad retroviral in- 
fection of MEFS. stably 
‘expressing Nova (to target 
[Mcl-) or the inert Nowa 
mutant 3E (9). (E) Cyto- 
chrome ¢ release without 
Bim oF Bid. Digitonin- 


Miata (8) 


e8 sss 


permeabilized MEFs expressing Noxa or Noxa 3E were incubated with 10 j.M Bad BH3 peptide before 
‘separation into soluble () and peltt(p) fractions. Data in (A) and (D) represent means + SD from three 


independent experiments, 
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Fig. 4. Control of Bax by multiple pro-survival relatives. (A) Colony formation by WT or Bax-expressing 
(bak) MEFs stably expressing Noxa (or the inert Noxa 3E) (9) and treated with ABT-737 (Bad BH3 
se pro-survival proteins. (B) Short-term viability or colony formation for 
or bak” MEFs infected with Noxa m3. The model depicts Bak (9) or Bax activation upon 
neutralization of pro-survival proteins by Noxa m3. (C) Short-term or clonogenic assays after Noxa 
m3 infection of bax-“bak~” MEFs reconstituted with Bax or the K64A mutant. (D) Regulation of Bak 
‘or Bax by multiple pro-survival relatives. Until inhibited by BH3 ligands, the indicated pro-survival 
proteins can sequester primed Bak or Bax (possibly a form with its BH3 exposed) on intracellular 


mi 
bax 


tic) to inactivate di 


membranes. Data in (A) to (C) represent means = SD from three independent experiments. 
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pro-survival proteins (8). Indeed, the come- 
sponding glycine-to-glutamate mutants, which 
do not bind most (or any) pro-survival family 
‘members, did not kill (Fig. 2 and figs. S7 to $9), 
If Bim and Bid [the major candidate activator 
BH3-only proteins (4-6)] were essential for 
apoptosis, as the direct-activation model implies, 
‘mice lacking both protcins (10) should exhibit 
developmental abnormalities, like Bax-Bak- 
seficent animals, which usually die as neonates 
(2) Instead, mice lacking both Bim and Bid were 
thom at the expected Mendelian fiequency (fi 
'S10), appeared nonnal (¢., no webbing between 
the toes), and remained healthy for over 12 months. 
Moreover, comparison of the sensitivity to DNA 
image of immortalized MEFs from Bim-Bid 
ouble-knockout (DKO), wild-type, of Bax-Bak 
DKO embryos (fig. S11) revealed that, whereas 
Bax-Bak deficiency conferred resistance 1 ultra- 
violet (UV) imadiation and etoposide, the absence 
of both Bim and Bid neither abrogated apoptosis 
por prevented Bas activation (Fig. 3, A and B). 
‘Because the direct-activation model (Fig, 1A) 
‘proposes that only an activator BH-only protein 
can kill cells, we tested whether the sensitizers 
Bad and Noxa (4) could kill cells lal 
Bim and Bid, Although overexpression of Bad 
and Noxa together killed wikl-type MEFs (8) 
J Bax or Bak (Fig. 1B and fig 
‘we could not exclude the possibility that 
they killed by displacing endogenous Bi 
‘Bid. However, even in the absence of both Bim 
and Bid, the Noxa-Bad combination (Fig. 3, C to 
), which neutralizes all four pro-survival proteins 
expressed in MEFs (Bel2, Belexy, Bol, and 
Meck!) stil induced apoptosis and eytochrome ¢ 
release in vitro, as did the Badslike BH mimetic 
ABT-737 (17) phis Noxa (fig. $12), Mouse liver 
mitochondria yield similar results (fig. S13), 
Although one study reported that Puma 
bound Bax (7, its putative activator roke is 
disputed (5,6), We and others (18) have detected 
noassociation of Puma with Bax or Bak (Fig. 1B 
and fig. SAC), Nevenheless, 9 assess. whether 
Puma has any’ role as an activator, we decreased 
Puma expression with RNA interference in 
bine bid MEFs (ig. S14). As expected (19), 
its reduction impained ctoposide-induced death, 
Nevertheless. in cells retaining only a 
amount of Puma and no Bim or Bid, the No 
ABT-737 combination stil efficiently provoked 
apoptosis and cytochrome release (fiz. S14), 
We conchide that BHS-only proteins ean 
initiate apoptosis without binding Bax or Bak, 


although the cooperativity with Bax of tBid (or of 
in lysing protein-free 
direct 


a stapled Bid BH peptide) 
liposomes (5, 20, 2/) may indicate tha 
activation contributes under some circum 
We (8, 9) and others (22) have su 
BH3-only proteins function by engaging their 
pro-survival relatives and overcoming their block 
to Bax or Bak activation (Fig. 1A), Mell and 
Bel-x (but not Bel-2) can constrain Bak by 
sequestering it, because enforced coexpression of 
Bad (to target Bel-x,) and Noxa (to target Mel-1) 
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elicited Bak-dependent apoptosis without any 
additional stimulus (9). 

Which of the multiple pro-survival proteins 
that ean bind Bax (fig. SISA) can functionally 
restrain if? Melt must, because neutralizing 
Mcl-1 by enforced Nox expression rendered 
containing only Bax (Bak KO cells) 
sensitive to the Bad BH3 mimetic ABT-737 
4A), which inactivates Bek2, Bebx. and 
lw (/7). To identify other pro-survival 
antagonists of Bax (/0), we used Noxa mutant 
m3, which binds Mel-1, Bel-y., and Bel-w, but 
not Bel-2 (8) (Fig, 4B). It kills cells expressing 
‘only Bak (9), but not Bax-expressing ones (i: 
4B), Because Noxa m3 


@ functional Bax mutant [Lys —> Ala™ 
(KG4A)] (fig. SIS, C and D) that loses Bel-2 
binding but still binds the other pro-survival 
proteins (fig. S1SB). The ability of Noxa m3 10 
Kill MEFs that express KO4A but not wild-type 
Bax (Fig. 4C) confirms that Bel? ean prevent 
Bax activation, Hence, Bax is held in check by 
Mek, Bel, and either Bel, or Below, or by 
all four (Fig. 4D), Genetically. both Bel-2 and 
ely, can constrain Bax, because its concomi- 
tant loss precludes the Iymphoid hypoplasia (23) 
‘or neuronal apoptosis (24) caused by their 
respective deficiencies, Thus, whereas only 
certain prossurvival proteins keep Bak in check 
(all of these proteins probably inhibit Bax 
(Fig, 4D), Presumably, they bind a “primed” 


conformer of Bak or Bax—a form that may 
normally be present at low kvels or may be 
formed early in apoptotic signaling. 

Our findings emphasize that the central role 
of the mammalian pro-survival Bel? proteins, 
like their virally encoded orthologs (25), is 10 
inhibit Bax and Bak (Fig. 4D) (8, 9). Thus, BH- 
‘only proteins tigger apoptosis indirectly through 
Bax or Bak by neutralizing all ofthe relevant pro- 
survival proteins, allowing the activation of Bax 
and Bak to proceed. 
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CPD Damage Recognition by 
Transcribing RNA Polymerase II 


Florian Brueckner,’~ Ulrich Hennecke,** Thomas Carell,'7* Patrick Cramer—** 


Cells use transcription-coupled repair (TCR) to efficiently eliminate DNA lesions such as ultraviolet 
light-induced cyclobutane pyrimidine dimers (CPDs). Here we present the structure-based 
‘mechanism for the first step in eukaryotic TCR, CPD-induced stalling of RNA polymerase (Pol) Il 
‘ACPD in the transcribed strand slowly passes a translocation barrier and enters the polymerase 


active site, The CPD 5'-thymine then 
blocks translocation, Art 


tS uridine mis 
L replacement of the uridine by adenosine enables CPD bypass; 


corporation into messenger RNA, which 


thus, Pol Il stalling requires CPD-directed misincorporation. In the stalled complex, the lesion 
is inaccessible, and the polymerase conformation is unchanged. This is consistent with nonallosteric 
recruitment of repair factors and excision of a lesion-containing DNA fragment in the presence 


of Pol I. 


Htraviotet light damages cellular DNA 
| by inducing dimerization of adjacent 

pyrimidines in a DNA strand. The re- 
sulting cyclobutane pyrimidine dimer (CPD) 
Jesions can block transcription and replication 
and are a major cause of skin cancer (7). C 
eliminate CPDs by nucleotide excision repair 
(NER). A very eflicient NER subpathway is 
transcription-coupled DNA repair (TCR), which 
specifically removes lesions from the DNA 


strand transcribed by RNA polymerase (Pol) I 
(2). Pol II stalls when a CPD in the DNA tem- 
plate stand reaches the enzyme active site(3, 4) 
Pol Il stalling apparently triggers TCR by re- 
cruitment of a transcription-repair coupling fac- 
tor [Rad26 in yeast, Cockayne syndrome protein 
B (CSB) in humans] and factors required for 
subsequent steps of NER. including TFUH, 
Which comprises helicases that unwind DNA 
(5). Endomackeases then incise the DNA strand 


‘on either side of the lesion, which results in a 24 
to 34-nucleotide fragment (6-8). The obtained 
DNA gap is subsequently filled by DNA 
synthesis and ligation (9, 10) 

To clucidate CPD recognition by transeriby- 
ing Pol fl, we carried out a structure-function 
analysis of clongation complexes containing in 
the template strand a thymine-thymine CPD. 
Elongation complexes were reconstituted trom 
the 12-subunit Saccharomyces cerevisae Pol It 
and nucleic acid scaffolds, as previously de- 
seribed (//), except that the mobile upstream 
DNA and the nontemplate strand in the t 
scription bubble were omitted (SOM text). A 
chemical analog of a CPD lesion was incor 
porated at register +2/+3 of the template strand, 
directly downstream of position +1, which de- 
notes the substrate addition site (scaffold A, Fig, 
1A and SOM text) (/2). The erystal structure of 
the resulting clongation complex A was deter- 
‘mined (Fig. 1B) (/2), and the register of the nu= 
eleic acids was unambiguously defined by 
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bromine labeling (table $1 and fig. SIC). The 
‘overall structure of complex A was nearly iden- 
tical o the complete Pol IT elongation complex 
(UD) and very similar to elongation complex 
structures of the Pol I core enzyme (/3, 14) 
(SOM text), The template strand enters the ac- 
tive site, and continues into an S-base pair 
hybrid duplex with RNA, which occupies the 
Upstream positions —1 to -8 (Fig, 1B and SOM 


To investigate Pol Il stalling at the CPD le- 
sion, we incubated complex A with nucleoside 
Iriphosphite (NTP) substrates, followed RNA 
extension by fMuorescence-monitored capillary 
electrophoresis, and identified the RNA products 
bby mass spectrometry (Figs. 2 and 3) (/2). AF 
ter incubation with a physiological concentra- 
tion of | mM NTPs for I hour, the RNA was 
extended by throe nucleotides (Fig. 2A), but 


B, and 2B) (SOM text). The second and third 
incorporation events, however, were progres- 
sively slower, with rate constants of 16 per 
hour and 2.4 per hour, respectively (Fig. 2, A 
and B). 

‘Structural considerations suggest that the sec- 
‘ond incorporation event is slower because trans- 
lkcation of the CPD from position $243 10 
pesition +1/+2 is disfavored, Template bases in 


text). In contrast to the damage-free elongation not any farther. Thus the complex stalled after positions =1 and +2 are twisted against each 


complex (11), downstream DNA entering the — nucleotide incorporation oppo 
PD at thymines. A time course showed that the 
positions +253 loosens the grip on downstream — in 


cleft is mobile, which indicated that the 


both CPD other by 90° in the undamaged elor 
ist plex (/), but twisting the CPD thyn 
poration event was fast, consistent with 


impossible because they a 


covalently linked. 


DNA (SOM text, free substrate site in complex A (Figs. 1,Aand To testthis, we included a CPD at positions *1/°2 
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Fig. 1. Pol It elongation complex structures with 
thymine-thymine CPD lesions in the template. (A) 
Nucleic acid scaffolds A to D. The color code is used 
throughout. Filled circles denote nucleotides with 
interpretable electron density that were included in 
the structures in (B). Open circles denote nucleotides 
having electron density that could not be interpreted 
or that was lacking. (B) Structure of nucleic ac 
the Pol Il elongation complexes A to D. The view is 
from the side (12). Figures prepared with PYMOL 
(DeLano Scientific). (C) Overview of complex C with a 
CPD lesion at the active site. The view is as in (B). 
Protein isin gray, the bridge helix in green. The CPD 
{is shown as a stick model in orange. A large portion 
of the second largest Pol tl subunit was omitted for 
clarity. (D) Superposition of nucleic acids in 
structures A to D. The protein molecules were 
superimposed and then omitted. The nucleic acids 


are depicted as ribbon models, the CPDs as stick models. Upper and lower views are related by a 90° rotation around a horizontal axis. 
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of the scaffold, and solved the crystal structure 
ofthe resulting complex B (Fig. 1, Aand B). The 
CPD was observed at register +2/*3, which 
indicated that it is not stably accommodated at 
positions +1/+2, Pol IT had apparently “tack- 
stepped” by one position, consistent with dis- 
favored forward translocation (Fig. 3 and SOM 
text), To efficiently overcome this translocation 
‘barrier, a concentration of | mM NTPs was re- 
quired. Lower substrate concentrations limited 
A extension to one nucleotide after $ min 


(lig, S2A). 


slow incorporation of 
ide ito complex A, we included 
4 CPD at positions 1/1 and solved the struc- 
ture of the resulting complex C. The CPD was 
seen stably accommodated in the active site, and 
the NTP-binding site opposite the CPD S'- 


A 


Scafold A: NRNA EE RAST GUE RNAS? RE RNAGS 


thymine was fie (Fig. 1, A to C), We therefore 
used complex C to monitor incorporation of dif= 
ferent NTPs. Only uridine S'-triphosphate (UTP) 
Jed to nucleotide incosporation opposite the S'- 
thymine (Fig. 2C), generally consistent with 
data for human Pol If (4), This misincomporation 
Was very slow, with a rate constant of ~2,9 per 
hour, comparable with the rate determined for 
the third nucleotide incorporation into complex 
A (fig. S2B and SOM text), Because trans- 
location is not required for nucleotide incompo- 
ration in complex C, the rate-limiting step in 
reaching the stalled state is the slow uridine 
misincomporation, not CPD translocation from 
Positions 1/52 10-161 

Specific uridine misincorporation may be 
«explained with the complex C structure, Where 
as the CPD 3'-thymine occupies the same posi- 


ma 
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tion as in the undamaged elongation complex 
(1), the CPD S"-thymine is tilted by ~40° and is 
shifted downward by more than 2A into a 
‘wobble position, with the O4 atom at the lo- 
cation normally occupied by the N3 atom (Fig, 
2D), Provided that binding of the incoming NTP 
C1. 14) is unalfected, the wobbled S'hymine 
could form two hydrogen bonds with UTP, 
‘whereas only ane hydrogen bond would be pos- 
sible with other NTPs (Fig. 2D), Attempts to 
visualize the CPD. S'-thymine-uridine mis- 
match erystallographically were unsuccessful 
(SOM text) 

‘These results suggested that Pol IT stalls 
because translocation of the CPD S'-thyr 
uridine mismatch fiom position 1 10 position 

1 ix strongly disfavored. This translocation event 
‘would move the damage-containing mismatch 
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Fig. 2. RNA extension assays. (A) Electropherograms of time-dependent 
‘extension of RNA in complex A. A stoichiometric complex of complete Pol 
IW and scaffold A (Fig. 1A) was incubated with 1 mM ATP, CTP, GTP, and 
UTP, Reactions were stopped at the given time points. RNA products were 
subjected to fluorescence-monitored capillary electrophoresis and 
‘identified by mass spectrometry. Signals for different RNAS are high- 
lighted in different colors. (B) Quantification of time-dependent 
extension of RNA in complex A. Electropherogram signals in (A) were 
integrated, and the relative amount of RNA product was plotted against 
incubation time. (C) Specific uridine misincorporation opposite the CPD 
5'-thymine, Stoichiometric complexes of complete Pol Il and scaffold C 
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were incubated with 1 mM of each NTP for 40 min, (D) Model for uridine 
misincorporation. In the upper panel, the structure of an undamaged Pol 
MN elongation complex with a nonhydrolyzable NTP analog (PDB 177) 
was superposed on structure C. Depicted are the base pair at position +1 
in 1Y77 (violet), and the CPD in structure C (orange). As modeled in the 
lower panel, the CPD 5’-thymine could form two hydrogen bonds with an 
incoming UTP. (E) Lesion bypass transcription. RNA in complex D (5'-AU- 
3’ opposite the CPD) was not extended after a 20-min incubation wi 
1 mM of NTPs. Bypass was enabled under identical conditions by 
replacement of the RNA 3'-terminal uridine with adenosine (5’-AA-3" 
‘opposite the CPD, scaffold DY“) (fig. $3). 
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imo the DNA-RNA hybrid, and the resulting 
distortion of the hybrid would destabilize the 
elongation complex (15) (SOM test). To test this, 
model, we incorporated the CPD at positions 

2/-1of the scaffold, including a uridine residue 
‘opposite the Sthymine, and solved the structure 
of the resulting complex D (Fig. 1, A and B). In 
this structure, Pol Il had apparently back-stepped 
by one position, and the CPD was again located 
at positions —1/1 in the active site, consistent 


powition 1/1 2 
tortions due to the CPD and/or due to the mis- 
match. To distinguish these possibilities, we 
tested if Pol Il extends the RNA ina variant of 
complex D with a matched CPD Sthymine 
adenine base pair (scaffold DU~*, fig, $3). Sur- 
Prisingly this RNA was extended to the run-of? 
transcript (ig. 2E and SOM text). Thus, Pol I 
‘would bypass a CPD lesion if it could incompo- 
rate adenine opposite the CPD S'thymine, To 
test whether a T-U mismatch base pair alone is 
‘sulicient to stall Pot I, we used complex D. but 
without CPD, in RNA extension assays (scat 
fold D°, fig, $3). Only a small portion of the 
RNA was extended (ig. S2D). Taken together, 
Pol Il stalling does not result from CPD-induced 
distortions per se, but from CPD-dinected mis 
incorporation, In contrast, DNA. polymerases 
ean correctly incorporate adenine opposite both 
CPD thymines, and, depending on the type of 
polymerase, this can lead to stalling oF lesion 
bypass (6, 17) 

In all CPD-containing structures, the poly 
merase conformation is unchanged. This argues 
‘against allosteric models of TCR, which assume 
fan incoming lesion causes a conformational 
change in Pol Il that triggers rseruitment of re 
pir fctors. In complexes B and D, downstream 


Fig. 3. Mechanism of 
CPD recognition by tran- 
scribing Pol Il, Schematic 
representation of RNA 
‘extension in complex A. 
The initial RNA (top) cor- 
responds to the nonex- 
tended RNA of scaffold 
‘A. The transtocation bar- 
rier and the translocation 
block are indicated with a 
dashed and a solid hori- 
zontal line, respectively. 
The artificial situation 
leading to lesion bypass 
(Fig, 26 is depicted at the 
bottom. 


RNA 
Yength velocity 
RNA 

fast 


DNA js repositioned in the polymerase cleft 
1D). However, DNA repositioning cannot 
support an allosteric mechanism, because it occurs 
‘only in back-stepped complexes, which would not 
form when NTPs are present. A damage-salled 
complex. could alternatively be detected. via 
exposure of the lesion by Pol Il backtracking 
(U8). The transcript cleavage factor TFIS induces 
backtracking of a CPD-stalled complex (fig. S2E 
and SOM text), but TFUS is not required for TCR 
in vivo (19). The lesion could also be exposed 
after polymerase bypass or dissociation fiom 
DNA. The latter mechanism underlies bacterial 
TCR, which involves the adenosine tiphospha- 
tase (ATPase) Mfd (20). However, the rated 
cukaryotic ATPase CSB does not trigger pol 
merase dissociation oF bypass (21), 

An altcmative model for cukaryotic TCR 
that combines and extends previous models 
(7, 22,23) can explain recognition of the stalled 
complex. without allostery or exposure of the 
Iesion (fig, $4). Complexes that stall at an arrest 
site are rescued by TRUS (249, Complexes that 
stall at a nonbutky lesion are rescued by CSB- 
induced lesion bypass (25). In both cases, 
{transcription resumes. Ata CPD lesion, howev- 
er, CSB counteracts TEUS-induced backtrack- 
ing (26, 27), resulting in a stably stalled complex 
and opening a time window for assembly of the 
repair machinery. TFIH catalyzes extension of 
the transcription bubble (SOM text). This per 
mits dual incision of the template strand on the 
Pol II surfice (6, 7, 22). The lesion-containing 
DNA fragment and the RNA transcript are re- 
moved together with Pol Il, although this re- 
quires more than dual incision (6-8, 28). The 
remaining gapped DNA is repaired. Pol IL may 
bbe recycled, circumventing its ubiquitination 
and destruction (29), In conclusion, our data es- 
tablish the molecular mechanism of CPD ree 


cognition by a cellular RNA polymenise, and 
provide a structural framework for futher anal- 
ysis of cukaryotic TCR. 


References and Notes 

1 L Riche) H Hoelimakers,L . Niedemhote, Cu, 
(Opi. Cel Biol 15, 232 (2003), 

2, Melin, G. Spivak, P. . Hanawal, Cell 51, 241 
987. 

13. S Tomaleti, B.A. Donahue, , Relnes, . . Hanawa, 
1 Biol Chem. 272, 31719 (1997). 


6 CP. Selby, R raph, 0, Reinberg, A. Sancar, Nucleic 
‘Acids Res 25, 787 (997), 

7. A. Wemeau-Bravard Tiel J. M. Ely, ME Oahu, 
4. Biol. Chem, 279, 7751 (2004). 

18D. Mu, A Sancr, J. Biol Chem 272, 7570 
svn, 

9. A Sancat, Anna, Rev. Biochem. 68, 43 (196). 

10, 5 Protas, Prakash, Muto Res, 452, 13 
(2000), 

1H, Kettenberger, Ko}. Armache, P. Cramer, Mo. Cell 16, 
985 (2008) 

12, Materios and methods are avlabe as supporting 
material on Since Online, 

13, AL Goat, P. Gamer, Fu, D. A. Bushnell, RO, 
omberg, Science 292, 1876 (2000 

14 KD. Westover, D. A. Busnell, RO, Kornberg, Cll 129, 
481 (2008, 

15, ML Kite, Komisarova, D5, Waugh, M. Kale, 
4 Bol, Chem. 275, 6530 (2000) 

16. H.Ling F.Boudhoca, 8S Mosk, R Woodgate, 
‘Notre 424, 1083 (2003), 

V7. ¥.Wet a, Not Struct, Mol. Biot 11, 784 
(2008), 

1B, B.A Donahue, 5 Yin}. 5. Taylor, 0. Reines, 
°C Hanawalt, Proc. Nol. Acod. Sc, USA. 94, 8802 
994), 

19. LA. Verhage, J. Mey, Pan de Pte}. Brouwer, Mol 
Gen. Genet 254, 284 (1997). 

20. A M. Deaconesc eto, Cell 124,507 (200 

21 CP, Selby, A. Sancar J. Bok. Chem, 272, 1885 
awn, 

22. AM Sather ol, Mol, Cll 20, 187 (2005), 

23. 1.0. Sejstrup, Cll Si. 126, 847 (2003) 

24. M Wind, D. Reines, Bioessays 22, 327 (2000). 

25. 5.K Lee, SL. Yu, L Prakash, 5, Prakash, Mal Cell Biol 
22, #385 (2002). 

26, | Paine, J. M. Ely, EMBO J. 25, 387 (2006), 

27. CP. Selty,K Sancar, Proc. Not Acad. Sci USA. 94, 
11208 (1997. 

28. A Abousskhra et ol, Cell 80, 859 (1995). 

25. EC. Woutsra eto, Notwe 415, 929 2002). 

30, We thank H. Ketenterger, X.Armache,curent members 
of the Cramer Laboratory, A. Muschi, . Michaelis, 
‘2nd C Schule-Brese for help This work nas supported 
bythe Deutsche Ferchungsgemeinshaf, the 
‘Sonderforschungsbereich 64, the VolksmagenStitung, 
‘2d the Fonds der chemischen Industrie. art ofthis 
‘work was performed a the Sis Light Soure atthe 
Paul Scherer Insti, Viligen,Svterand Struct 
‘coordinates and reflection fies are deposited inthe 
Praten Data Bank unde acesion numbers 235, 
26, 27, and 28 fer complenes A, 8, G and D, 
‘respectively 


Yang, 


‘Supporting Online Materiat 
ve ciencemag.orgfepicontentull 3155813959700 
Materiats and Methods 

SOM Test 

Figs 51 1055 

Table 51 

Relerences 

21 September 2008; acepted 26 December 2006 
20:1126/«ience.1135400 


9 FEBRUARY 2007 VOL315 SCIENCE www.sciencemag.org 


Antennal Mechanosensors Mediate 
Flight Control in Moths 


Sanjay P. Sane,** Alexandre Dieudonné,* Mark A. Willis,” Thomas L. Daniel” 


Flying insects have evolved sophisticated sensory capabilities to achieve rapid course control 
during aerial maneuvers, Among two-winged insects such as houseflies and their relatives, the hind 
wings are modified into club-shaped, mechanosensory halteres, which detect Coriolis forces and 
thereby mediate flight stability during maneuvers. Here, we show that mechanosensory input from 
the antennae serves a similar role during flight in hawk moths, which are four-winged insects, The 
antennae of flying moths vibrate and experience Coriolis forces during aerial maneuvers. The 
antennal vibrations are transduced by individual units of Johnston's organs at the base of their 
antennae in a frequency range characteristic of the Coriolis input. Reduction of the mechanical 
‘input to Johnston's organs by removing the antennal flagellum of these moths severely disrupted 
their flight stability, but reattachment of the flagellum restored their flight control. The antennae 
thus play a crucial role in maintaining flight stability of moths, 


hen performing complex three- 
dimensional mancuvers, itis neces 
for flying organisms 10 assess 


nd to respond to ni 
perturbations with a rapid modulation of their 
wing motion (7, 2), Among. wit 
diverse strategies have evolved to 
problem, Insects, such ay dragonflies. that 


typically operate under brightly lit conditions 
may accomplish course control primary using 
Visual input to modulate their motor output (3), 
However, for insects flying under low 
conditions, the longer latency of visual process- 
ing (4) means that it may not be possible for such 
insects to rely entirely on 
assess sel Emotion to generate rapid mancuvers 


Fig. 1. Anatomy and free-flight kinematics of 
antennae in moths. (A) The spherical coordinate 
system for antennal kinematics.’ and 6 are unit 
vectors along the radial, elevation, and azimuthal 
jons, respectively. The spherical system is 
drawn for the right antenna relative to the Cartesian 
coordinate system for the pitch, rol, and yaw axes. 
The head and brain of the moth are shown from a 
dorsal view. (B) Longitudinal cross section of the 
basal segments of the antenna [redrawn from (26)). 
(© Antennal kinematics reconstructed from three- 


(Padians) 


3 06 
dimensional coordinates obtained from high-speed 

films of hovering moths. The figure shows data from 3 °*) 

points digitized in 2048 frames (4.1 5 of actual © oz nw Ag ue 

flight or >100 wing beats). The motion of the left > WO tah 

antenna (gray) and right antenna (black) is shown oe > s—— 
With the origin centered at the head of the moth. In Tere (200) 


the spherical system, the envelope encloses 2 net 
isplacement of ~14° (0.254 rad) and 16° (0.291 
rad) along the 0 angle, and ~19° (0.331 rad) and 
22° (0.379 rad) along the » angle, for the left and right antenna, re- 
spectively. (D) Antennal motions along the orthogonal 0 and o angles. For 
the left antenna (gray), the pitch axis points in the opposite direction. 
Hence, the value of ¢ is shown after subtracting x from its actual value 
felative to the right-handed pitch-rol-yaw coordinate system. (E) Fourier 


respectively. 
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In Diptera, rapid acquisition of selFamotion 
information is accomplished by halteres, club- 
shaped sensory structures that are evolutionarily 
derived fiom the hind wings and oscillate at 
‘wing beat frequency (5). The halteres and theit 
underlying sensory neurons transduce infor 
‘mation about pitch, rol, and yaw maneuvers 10 
the central nervous system (5-9). Although a 
sin ly powers haltere motion 

relation to the wing, the 


© muscle 
with a fixed phas 
overall 
tated primarily by its natural frequency (5), 
During rotational maneuvers, Coriolis (or gyro- 
scopic) forces on the halteres cause a lateral 
deviation in their plane of motion (5, 9). Because 
the planes of oscillation of the two halteres are 
‘nonorthogonal, this system ean unambiguously 
distinguish between pitch, roll, or yaw rotations 
(®), Although the haltere system has received 
‘much attention because it addresses the problem 
of rapid course control in Dipteran Might, fewer 
studies have examined how non-Dipteran in- 
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decomposition of the mean offset removed movement of the right antenna 
for the @, 9 angles. The sharp peaks indicate that antennae vibrate at a 
wing beat frequency of 27 Hz (asterist). The amplitude of the vibration was 
conservatively estimated to be 1.4° and 08° along the @ and 6 angles, 
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sects (/0, 1/), especially those ying under the 
poorly lit conditions that make visual stabiliza- 
tion difficult, might achieve similar maneu- 
vering feats 

Our investigations suggest that inthe erepus- 
cular hawk moth Manduca sexta, whi 
Winged and thus lacks halteres, the antennal 
mechanosensory system mediates light stability 
using a mechanism similar to the halteres in 
Diptera. All winged insects, including moths 
and butterflies, possess a pair of annuta 
nae (Fig, 1, A and B). Two sets of anten 


id pedicel (Fig. 1B). 


alled the Ba 


One set, 
fields of sensory hairs on the scape and the 
pedicel. In hawk moths, these fields are roughly 


‘opposite each other on each segment and roughly 
‘onthogonal to each other between two segments, 
The second set, called the Johnston's ongan, is 
composed of eircumferentially arranged mechano- 
sensory stretch receptors called seolopidia, Each 
scolopidium is innervated by a bipolar neuron 


Fig. 2. Neurophysiology of A 
mechanosensory neurons. 

(A) Spiking response of an- 
tennal_mechanosensors. 
Raster plots of the spiking 
response of scolopiial neu: 
rons from the Johnston's 
organ in response to the 
“natural” stimulus in Fig. 
1C. Peak antennal dis- 


HOTA NVR 
~ ABR 
i 


(12), which sends its axon down the length of the 
antennal nave into the brain of the moth. The 
head-scape and scape-pedicel joints cach consist 
fof extrinsic (not shown) and intrinsic muscles, 
respectively (Fig. 1B), which drive all active anten- 
nal movements. 

The antennal anatomy of M. sex is com- 
‘mon to most free-living insects (/2). Data from 
silk moths (/3) and butterflies (/4) suggest that 
the Bahm’s bristles encode the gross changes in 
antennal position, whereas the Johnston's organ 
responds to small, high-frequency motions of 
the antenna (/5) such as vibrations due to sound 
or air flow (J2, 15, 16). Several reports have 
described the possible mechanosensory function 
of antennae as airflow sensors (/4, 17-22), We 
measured the antennal motion of freely hovering 
M. sexta using high-speed videography (S00 
frames per second: Fig. 1, C and D) [(23), sec- 
tion SI] and found that like some other 
Lepidopterans [e.g., the tortoiseshell butterfly, 
Aglais urtieue (22), they hold their antennae at 
relatively constant interantennal angles (Fig. 1C) 


mae 


placement ranged from 1” 3e {I if of mm 
to 2.5° (three moths, six || Hl if! 

cells), The numbers in the U i 
side bar represent individy- 230 me 

al moths and letters repre- 

sent individual cells. The C D 


trials consisted of repeti- 
tions of the 4-s-long “nat- 
ural” stimulus repeated 4 or 
12 times. (B) Response of an 
antennal scolopidium to a 


constant-amplitude frequen- 10 30100200 

cysweep from0t0100H2.A gt 

mechanical lever attached’ oat 

the flagellum delivered a at os . 

cconstant-amplitude (~1.5° oa} — MN 

peak-to-peak) frequency 2 02) = . 

sweep (0 to 100 Hz, top ° : 

panel) motion to the pediel- _— “ 

flagellar joint. The corre- WV Se ee 
Frequency (Hz) 


sponding spike response 
(middle panel) was measured 
f 
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the axon of a scolopidial neuron and is shown as the Gaussian-convolved 
Firing rate (black, bottom paneD. The gray band enveloping tis curve shows the 
standard deviation of the Gaussian-convolved fring rate. The width of the narrow 
Gaussian window is 500 ms with a standard deviation of 31.6 ms. (C) Stimulus- 
response curves for scolopidial neurons. Shown are the BLGN stimlus (top pane) 
‘and Fourier transforms for the mean spike-triggered average (STA) stimuls for 
eight scolopidal cels from three moths (bottom pane). The input stimulus 
smoothed by the use of Welch’s method and normalized with respect to 
maximum amplitude. The response displayed as a Fourier transform of spike- 
triggered average for each neuron is also normalized as 2 ratio ofits maximum 


frequency. (D) Anatomy 


pedicel (PE). SC denotes 


www scier 


WW one (jf 2 TA 
fy PT adel 


{(23), section SI]. About this fixed position, the 
aenmae undersp smallamplitude vibrations (Fig 
ID) with relatively lithe change in the antennal 
length ((23), section SI]. The motions of the lett 
(gray) and right (black) antenna are roughly in 
Phase, suzgesting symmetry of movement of the 
two antennae. Fourier transforms of these vibra- 
tions revealed prominent peaks at wing beat fie- 
‘quency (27 Hz; Fig, 1E), Thus, the net mechanical 
stimulus experienced by the antenna. co 
Periodic self-generated compone 

The eross product of the angular velocity of 
body rotations and linear velocity of the moth’s 
antennal vibrations results in Coriolis torques on 
the antenna, For hovering and near-hovering 
conditions, estimates of the torques due to 
Coriolis and acrodynamic forces are of the same 
‘orders of magnitude, and thus Coriolis forces 
also represent an important component of the net 
mechanical stimulus to the antennae [(23), soe 
tion S2], Like the halteres in Diptera (3, 9), 
Coriolis torques thus cause lateral deflections, 
ff the antennae at either wing beat frequency 


| 
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100 um 


response. Of the eight neurons shown here, five (black lines) show sharp peaks 
between ~50 and 75 Hz and three (gray lines) show greater responses at lower 


of the scolopidial neurons. Scolopidia were filled with 


‘Alexa Fluor 568 (red) or Lucifer Yellow (yellow dyes (left pane, four neurons). The 
‘soma of these bipolar neurons are situated in the joint between flagellum (FL) and 


scape. The recordings shown in (B) were taken from the 


‘one of the neurons filled with Lucifer Yellow. Length of the scale bar is 100 yim. 
‘The neurons send their projections ipsilaterally via the antennal nerve (AN) into 
‘the antennal mechanosensory and motor center (AMM) in the deutocerebrum of 
the moth, on either side of the esophageal foramen (OF) (right pane). 
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‘or twice wing beat frequency during maneu- 
vers [(23), section 83; figs. S2 10 S4]. Are the 
mechanosensors in basil segments of the antennae 
sulliciently sensitive for detecting the Coriolis 
forces on a vibrating antenna? To answer this 
question, we recorded intracellularly from the 
axons of individual scolopidial neurons in the 
Johnston's organ while subjecting the flagellum 
to controlled vibrations using a mechanical lever 
system [(23), section S4; fig. SS]. We observed 
strong stimulus-corretated activity of scolopidial 
Neurons in response to mechanical stimuli in the 
amplitude and frequency range of natural mo- 
tion (Fig. 2A). The alignment of the spikes in 
these records over multiple trials shows that 
scolopidial neurons are sensitive to small- 
amplitude (~1°) angular deflections in the 
Magella-pedice! joint. In response to constant- 
amplitude trequeney sweep (0 to 100 11) mo- 
mn of the antenna, the seolopidial neurons 
hily phase-locked with the stimulus in a 
harrow frequeney range of ~S0 to 70 Hz. In this 
hci firing rate increases linearly with 
the stimulus frequency (Fig, 2B). The $0- to 70- 
Hz window also corresponds to twice the typical 
range of wing beat frequency in ML sexta (20 0 
30 Hz) (24) and is the expected frequency range 
for the Coriolis input [(23), seetion $3}, 

To rigorously characterize the frequency- 
tuning properties of the underlying sensory 


apparatus, we vibrated the flagellum using a 
‘band limited Gaussian noise (BLGN) waveform 
ina frequency window of ~0 to 100 Hz with a 
348 roll-off at ~85 Hz (Fig. 2C, top panel). 
We measured the intracellular spike responses of 
‘the seolopidial neurons and determined the pre- 
spike stimulus within a 100-ms time window 
before the occurence of each spike of the time 
record. A Fourier transform of this spike- 
triggered average (STA) was used to estimate 
the stimulus frequency most likely 1 generate 
action potentials n the seolopidial neurons: 
AA subset of the recorded scolopidial neurons 
(live out of eight; Fig.2C. bottom panel) showed 
sharp response peaks in the frequency range of 
~30 to 75 Hz and is thus capable of encoding 
Coriolis-<triven lateral motions of the antennae 
during aerial maneuvers. To determine the loca- 
tion and projection pattems of these neurons, we 
filled them with fluorescent dyes after recordin, 
In all cases, the images showed bipolar neurons 
incrvating the seolopidia in the Johnston's 
‘omgan and arborized ipsilaterally into the anten- 
nal mechanosensory and motor center (AMMC) 
in the brain, the main site of integration of the 
mechanosensory signal from the antennal de- 
Actions (Fig. 2D) (26, 27) 
‘Thus, our results suggest that the antennae of 
M. sexta (and also perhaps other Lepidopterans) 
are capable of detecting the Coriolis forces gen- 


Fig. 3. Free-fight be- A D 

havior of moths with os, - 05 

and. without antennal Backwards Bockwards 
mechanosensory input. oa oa 

Data from behavioral —_g 03 

‘experiments are repre- QQ 
sented as notched, _ 2 02 

whisker plots. The bot- a — = + 
tom and top of the box 8 be! tee 3 

show lower and upper ool 00! 

‘quartile values, respec- B E 

tively. The horizontal oa 

black line within the Crashes: Crashes Tr 


box represents the me- 
dian for each category. 
Whiskers include the 
most extreme data value 
up to 1.5 times the 
interquartile range. The 


Frequency of Occurence ('seconds) 


‘outlier points beyond 
this range are shown by 
the + symbol. Nonover- 
lapping notches indicate 
different medians at the 
5% significance level. 
Top row shows data for 
backward flight, middle 
row for crashes, and 
bottom row for colti- 


sions, The left column 
(A to ©) shows behavior 
‘of moths with intact 


antennae versus amputated flagella (Wilcoxon signed rank test, P = 0,002). The right column (D to F) 
shows behavior of moths with reattached flagella versus reamputated flagella (Wilcoxon signed rank test, 


P 


.0156). 


REPORTS. tk 


erated during turning maneuvers and may be 
involved in Might stabilization. Does a reduction 
of the mechanosensory input from the antenna 
affect flight performance? To answer this ques- 
tion, we performed experiments. manipulating 
the mechanical loading on the Johnston's organs 
and measured the free-ight performance of the 
moths via videography under low-light condi- 
tions [(23), section SS}. This study consisted of wo 
experiments. First, we compared the flight per- 
formance of moths with intact antennae (nor 
‘mally loaded Johnston's organs) to that of moths 
\with their flagella sungically removed (unloaded 
Johnston's organs). Second, to control other sen= 
sory influences of an intact Magellum, we com- 
pared the performance of individuals whose 
Nagella were removed and reattached (reloaded 
Johnston's organs) to that of the same indi- 
viduals after removing the Nagel 
Joaded Johnston's ongans). In all 
‘basal mechanasensory apparatus was felt intact 
and only the Magellum was eut within a fow 
(10) annuli from the base, This ensured that 
the mechanical stimulus due to vibrating an~ 
tennae was substantially reduced. 

To analyze the effect of the flagellar ampu- 
tation on flight performance, we counted the oc- 
currences of three types of behavior in each 
Aight sequence: (i) collisions with the wall, (i) 
crashes 10 the Noor, and (ii) incidence of back- 
‘ward flight (lypically spanning the entine width 
of the fight chamber) [(23), sections S$ 0 $7]. 
Moths with amputated flagella could take fight, 
but hada significantly higher frequency of back- 
‘wand flight than inet moths [(23), section 87; 
Fig. 3A]. These moths also crashed [(23), see 
tion S7; Fig. 3B] and collided [(25), section S7; 
Fig. 3C] with the walls significantly more 
frequently than moths with intact flagella (P < 
(0.02), These results indicate that intact Magella 
‘are necessary for stable fight in ML sexta 

‘The Magella of most insect antennae are 
multisensory structures bearing odor, humidity, 
and temperature sensors in addition to mechano- 
sensory brists along the flagellum (72). Thus, 
{in moths with amputated flagella, not only isthe 
nnonmal mechanical loading of Johnston's. oF 
‘gans disrupted, but these various sensory cties 
are also eliminated, Which of these functions is 
primarily responsible for the lack of flight sta- 
bility in moths with amputated flagella? To an- 
wer this question, we reattached the flagella to 
the basal antennal segments of the moths with 
glue and compared their fight performance with 
moths without flagella [(23), section $5}. Moths 
With reattached flagella were able to substan- 
tially regain fight contwol [(23), section SS), In 
contrast, moths with no flagella lew backward 
significantly more often (Fig. 3D), crashed to the 
‘ground more often (Fig. 3E), and collided with 
walls more frequently (Fig. 3F). Because the 
ssungical removal and reattachment of the anten- 
nal flagella with Super Glue required cold anes- 
thesia, these moths were analyzed separately 
from the earlier flagella-amputated group. Moths 
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\with reattached flagella receive no input from any 
sensory neurons on the Magella because their 
antennal nerve is severed during the removal and 
reattachment of flagella. Thus, the restoration of 
normal mechanical loading of Johnston's organs 
is suflicient for recovery of flight control in 
moths with reattached flagella, 

In summary, our study of antennal vibrations 
in frvely flying moths and subsequent estimates of 
the mechanical forces on vibrating antennae sus- 
{gest that antennae experience strong Coriolis 
forves during aerial maneuvers. Our neurophys- 
iological data indicate that antennal mechanosen- 
sors are tuned within the frequency range of these 
forces. The antennectomy experiments show that 
normal loading of the mechanosensors inthe base 
‘of the antennae, probably the Johnston's ongan is 
<rtical for flight stably. Moths without flag 
‘can take flight but cannot stably hover or execute 
‘controlled maneuvers, However, moths with re- 
attached Magella regain fight control, Therefore, 
\We propase that the antennae together with the 
Inechanosensons in their bases are necessary for 
Aight stability in Mf sexta, similar to halteres in 
fe, These data provid a mechanism to explain 
previous observations that antenncctomy compro 
Imises flight in other Lepidopterans (21). More- 
‘over, it is possible that the end knobs on the 
antennae of certain Lepidoptera (c., butterflies) 


and other insects (2, owl flies) function as a 
means of increasing the sensitivity « Conolis 
forces by enhancing antennal vibrations during 
fight. Thus, these studies offer an insight into the 
non-haltere-mediated mechanisms for course 
control in flying insects and may be useful to 
studies of insect flight, as well as to recent efforts 
toward designing robotic insects 
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Living Cell Research Microscope 
The Axio Observer has been developed for research of processes in living cells. Based on an 
inverted research microscope, the Axio Observer makes it posssible not only to observe 
‘processes in ving cells, but also to manipulate processes and analyze the resulting changes. 

Great emphasis has been laid on optimum operating convenience. For example, the ACR 
function automaticaly recognizes objectives and reflector modules, integrates them into the 
system configuration, and displays them on the touchscreen display. Ths feature is particu 

larly helpful when several researchers share one instrument. The sit-position reflector turret 
allows the fast change of iter sets in the beam path during an experiment, Open system 
architecture makes it easy to integrate external components. For example, the laser port 
enables the use of a laser for targeted manipulation in fluorescence recovery after photo 

bleaching (FRAP) procedures or targeted deletion of cellular structures. In addition to 


mechanical manipulators, optical tools such as laser scan modules, optical tweezers, and 
laser microdissection transform the Axio Observer into a complete cell research station, 
Carl Zeiss. For information 914-681-7627 www.zess.com 


Mitochondria Isolation 

The Focus Mitochondria Kit enables the fast and 
simple isolation of enriched mitochondrial frac 
tions from animal cells and tissue. Most of the 
mitochondria isolated using this kit contains 
intact inner and outer membranes 
G-Biosciences/Genotech For iniormation 
800-628-7730 wr. GBlosciencescom 


Laser Scanning Microscope Update 
The LSM 5 DUO Release 4.2 is an enhanced 
version of a laser scanning microscope (LSM) for 
examinations in biomedical research. This new 
version makes work with many new fluorescent 
dyes faster and more efficient. The benefits of 
the LSM 5 DUO systems—flexibility, simultane. 
‘ous sample manipulation, and the versatility 
of a real confocal workstation—have been 
extended by improved laser modules. The sys 
{em also provides an increased resolution of 
2.4 megapixels in the fast line scan mode and 
an integrated autofocus function. The LSM 5 
DUO is based on the inverted microscope 
AxjoObserver.Z2, which not only features a fully 
integrated incubation system, but also allows 
se of a wide variety of reflector modules. The 
complete reflector turrets with the DUO beam 
combiners can be easily exchanged. 

Carl Zeiss For information 914-681-7627 
vez. convism 


FT-IR Imaging Accessory 

The attenuated total reflectance (ATR) image 
accessory for the Spotlight FTIR (Fourier trans 
form-infrared) imaging system is designed to 
provide high quality data while maximizing the 
image area, ATR is a surface measurement tech: 
‘nique that extends the range of samples that can 
bbe measured on FT-IR systems, enabling labora 
tories to get meaningful FT-IR spectra from sam- 
ples that were impossible using traditional trans 


‘mission or reflectance measurements, The acces 
sory can resolve material sample features as 
small as 3.1 jim. It features a highly efficient 
germanium crystal with a 600:ym diameter 
sample area that enables laboratories to meas 
ture large samples (such as multi-layer laminate 
samples afew hundred jum across) with excellent 
signal quality in one operation without having to 
resort to “stitching” several images. 
PerkinElmer For information 781-237-5100 

ven perkinelmer.convAR 


Protein Expression Medium 
Protein Expression Medium ia serum-{re, ani 
imal origin free medium developed forthe elf 
cient production of recombinant proteins in 
PER.C6 cells. Tis medium supports the adapta 
tion, growth, and expansion of transfected 
PER.C6 human embryonic retinoblast cells for 
large-scale, high-density suspension culture in 
shake flasks roller bottles, and bioreactors. It 
also supports parental PER.C6, HEK 293, an 
Hela cells in suspension culture for protein 
‘expression applications. 

Invitrogen For information 800-955-6288 
wemuinvogen com 


Unstable DNA Cloning 

CopyCutter EP1400 E. coli cells significantly 
loner the copy number of many common vectors 
50 that “toxic” genes or unstable DNA sequences, 
are easier to clone. Reducing the copy number of 
vectors increases the likelihood that an insert wil 
be stably maintained. 

Epicentre Biotechnologies For information 
800-284-8474 wr. EpiBio.comCopycuter. asp 


‘Mutation Surveyor Software 

Mutation Surveyor is analytical software for the 
detection of DNA variants in sequence traces. It 
features a patent-pending, anti-correlation 


technology that provides up to 99.5% accuracy, 
eliminates false negatives, and limits false post 
tives to less than 50 ppm, Version 3.01 includes 
two additional functionalities: vector masking 
{or use in the quality control of DNA clones and 
negative single nucleotide polymorphism (SNP) 
indicator for use in clinical analysis of sequence 
traces, The vector masking tool allows users to 
inform the software of the vector region, which 
permits the software to make use of its patented 
physical trace comparison technology to detect 
any sequence change from the original 
sequence trace in up to 400 clone traces in less 
than 90 seconds. The negative SNP indicator 
indicates the absence of a nucleotide change in 
patient sequence traces, 

SoftGenetics For information 814-237-9340 
vvosoftgenetics.com 


For more information visit Prodluct-Info, 
Science's new online product index 
at itip://science.labvelocity.com 


From the pages of Productnfo, you can: 
* Quickly find and request free 


information on products and services 
found in the pages of Science. 

+ Ask vendors to contact you with more 
information 

+ Link directly to vendors’ Web sites. 


Nei offered instrumentation, apparatus, and laboratory 
smsteriatof interest to researchers all icine n academic, 
indostial, and government organizations ae featred inthis 
space Emphasis is given to purpose, ciel characteristics, and 
_ailabilty of products and materials. Endorsement by Science 
(AMS of any product or materials mentioned snot implied. 
‘Asitional information maybe obtained fom the manufacturer 
«supple by visitng wo scence.lbyeactycom on the Web, 
bere you can request thatthe infomation be sent to you by 
‘email fax, malo telephone, 
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